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Abstract

A mixed-phase chemistry box model is applied to study heterogeneous chemistry and its effed on
tropaspheric gas-phase temistry, particularly on phdochemicd production d Oz and phdochemicd

indicators for O3-NOy-hydrocarbon sensitivity, under a variety of atmospheric condtions ranging from
remote marine to heavily-pdluted atmospheres. A subsequent sensitivity analysis of the mixed-phase
chemica medhanism is conducted using the novel automatic diff erentiation ADIFOR tool, which cdculates
the locd sensitiviti es of spedes concentrationsin gas, aqueous and aeosol phases with resped to a variety of
model parameters. The main chemicd readion pathways in al phases, interfadal masstransfer processs,
and ambient physicd parameters that affed tropospheric Oz formation, Oz-preaursor relations and
phaochemicd indicators under all modeled condtions are identified and analyzed.

The results how that the presence of clouds and aeosols not only reduces many gas-phase spedes
concentrations and the total oxidizing cgpaaty but alters Oz-preaursor relations. Cloud chemistry is the
dominant heterogeneous process under the remote and marine a@mospheres. Aerosols are important
scavengers for gaseous gedes in pdluted atmospheres when the total agosol surface aeais larger than
1000 pm2 cm3. Deaeases in concentrations and formation rates of Oz can be up to 2726 and 10Q@%,
respedively, depending on the initial atmospheric condtions and preexisting surfaces. The significant
deaeases in phdochemicd O3 formation are primarily caused by the ajueous-phase readions of Oy with
dissolved HO2 and O3 under most cloudy condtions and heterogeneous uptake of O3, HCHO, HO,, Ho0»
and NO> in the presence of agosols. Heterogeneous chemicd processs also affed the phaochemicd

indicators and their sensiti vities to many model parametersin avariety of ways.



1. Introduction

Air pdlution models have provided the most effedive means to quantify the impad of human
adivities on the @mosphere and to develop balanced and cost-effedive anisson control strategies for air
polutants such as tropaospheric ozone (O3) during the last several decales. The dfediveness of these
abatement strategies depends on the reliability of model predictions, which is further built uponthe acacrate
understanding and appropriate parameterization d a variety of atmospheric processs in current air quality
models. Sensitivity analysis of these models is a valuable diagnastic tod capable of identifying the most
influential model parameters and predicting the changes in the resporses due to arbitrary perturbations in the
parameters. In particular, it can evaluate the relative importance of various physicd and chemica processes,
the influence of the model inpu and medanistic parameters, and the role of individual spedes and their
correlations in the @amospheric system as a whade, thus providing scientific insights and suggesting reseach
priorities for laboratory and field studies. While sensitivity analysis of 3-D models can aajuire scientific
information that is useful in long range scientific and regulatory analysis regarding air poll utant abatement,
sengitivity analysis of atmospheric chemistry box models provides <ientific insights into the detailed
chemica medanisms, onwhich the cndensed mecdhanismstypicaly used for 3-D models are based.

Among many urcertain model medanistic and input parameters, the representation o atmospheric
chemistry used in the models is of large uncertainty. While the basic set of readions that leads to O3

production hes been identified, dfferent chemicd representations produce different O3 predictions. For a
given chemicd medanism containing a large number of chemicd readions, model predictions of key
spedes are sensitive to the rate parameters and product yields, which may have large uncertainties when they
are based uponlimited experiments or estimation (Stockwell et al., 1993. The uncertainties of the system
will grealy increase in the presence of various atmospheric condensed pheses (e.g., clouds, agosols, fog,
rain, and snow). A growing number of studies have shown the importance of these heterogeneous processs.
For example, the heterogeneous oxidation d SO> on agosols may acwourt for nealy 60% of the
tropaspheric sulfate formation in marine environments (Luria and Sievering, 199). Aerosols may be an
important sink for HO» and influence the tropaspheric HoO» level (Ross and Noore, 199]). Clouds may
deaeease the gas-phase NOy, O3, OH, HO2 and HCHO by 10-85 % in the global troposphere (Lelieveld and
Crutzen, 1990. The deaease in O3 formation is due to aqueous-phase radicd readions in typicd urban
polluted atmospheres (Walcek et a., 1997. However, many fadors such as the readion pobability and
product yields for these important heterogeneous readions remain unknavn, which creaes sveral orders of
magnitude higher uncertainties in mixed-phase chemistry than in gas-phase cdemistry.

Rigorous ensitivity and urcertainty analyses of chemicd medanisms in 3D comprehensive
chemistry and transport models are rarely performed because of the computational limitation. Previous
studies on chemicd medanisms and their sensitivity using 02D models have largely focused on limited
numbers of spedes and model parameters for a given chemicd mecdanism that contains either gas-phase or
agqueous-phase chemistry only. Milford et al. (1992 compared two gas-phase medanisms: the LCC of

Lurmann et a. (1987 and the CBM-IV of Gery et a. (1989 through evaluating sensitivities of model-
predicted Oz, H2O2 and HCHO to initial concentrations and various readion rate @nstants. Gao et a.
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(1995 condwted a senstivity and urcetainty anaysis for the gas-phase mechanism in the sewmnd

generation Regional Acid Deposition Model (RADM2, Stockwell et a., 1990 and identified the most
influential readions to owerall model predictions. Pandis and Seinfeld (1989 developed a full agueous-
phase medhanism for cloud chemistry and derived a @wndensed mechanism through sensitivity analysis
withou simulating gas-phase readions. Since there ae few models capable of redisticdly simulating
atmospheric heterogeneous processes due to many urcertain parameters and pathways asociated with these
processes, the sensitivity of overal model predictions to these heterogeneous processes has been seldom
quantified. To improve our understanding d heterogeneous chemistry and the asciated urcertanties, a
state of the at representation d all known o suspeded heterogeneous chemicd processes needs to be
incorporated into existing atmospheric chemicd mechanisms. A comprehensive sensitivity analysis based
on such a mixed-phase diemicd mecdhanism will be extremely valuable for investigating the dfed of
heterogeneous chemistry on phaochemica processes and providing gudancefor field and laboratory studies
of important heterogeneous chemicd readions.

In this paper, we gplied a mixed-phase demistry box model MaTChM (Zaveri, 1997 Zhang et & .,
1996 to study the dfeds of heterogeneous processes asociated with clouds and agosols on tropaspheric
gas-phase dhemistry. A subsequent comprehensive sensitivity study & MaTChM was conducted using the
automatic differentiation ADIFOR 2.0 tod (Bischof et a., 1992,19963). The sensitivities of individual
spedes and phdochemicd indicaors with resped to a variety of model inpu and medanistic parameters are
cdculated and evaluated uncder a broad range of aimospheric condtions. Our primary oljedives are to (i)
quantify the impad of clouds and agrosols on tropospheric phaochemistry; (ii) evauate the sensitivity of
overall model predictions to model parameterizaions and inpus in the ésence/presence of clouds and
agosols; (iii) identify the most important readions in the condensed phases and the most influential model

parameters under typicd atmospheric condtions. The particular emphasis will be direded towards the
evauation d chemicd pathways and parameters that affed tropospheric O3 formation, Osz-preaursor

relations and the measurable “indicators’ that indicate the sensitivity of O3 to emissons of nitrogen oxides
(NOy) or readive organic gases (ROG).

2. Mixed-Phase Chemistry Box Model

2.1 Mixed-Phase Chemical M echanism

The time-dependent mixed-phase Mass Transfer with Chemicd Readions Box Model (MaTChM)
treas gas and agueous phase demistry, heterogeneous surface readions on agosols, and the dynamic
exchange of spedes between gas and condensed pheses in a homogeneous parcd of air containing cloud
droplets and aagosol particles. Emisgon, dlution, transport and depaosition pocesses are negleded. The
model includes 57, 58,and 29spedesin the gas, aqueous and agosol phases, respedively, as siownin Table
1. The mixed-phase chemicd medanism is designed to be goplicable in avariety of aamospheric condtions
ranging from remote marine to heavily-padluted. It consists of 125 gas-phase readions, 120 agueous-phase
readions, 47 dsslution and dssciation equili bria and 29aeosol surfacereadions. The gas and agqueous-
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phase dhemistry was taken from the ealier version d MaTChM developed by Zaveri (1997, in which a

condensed dimethyl sulfide (DMS) chemistry was derived based onthe mmprehensive DMS chemistry of
Yin et a. (1990 and combined with the condensed Carbon Bond Medanism 1V(CBM-1V) of Gery et al.
(1989 and the full agueous-phase dhemistry of Pandis and Seinfeld (1989. In Zaveri (1997), the combined
gas and aqueous phase chemistry was further modified for simulations in relatively clean atmospheres
throughexplicitly treding the lesser readive methane and ethane, and their intermediate radicds in CBM-IV
and adding the ajueous-phase oxidations of DMS and DM SO by dsslved oxidants. In addition, the mass
transfer between gas and agqueous phases was smulated based on the two-resistance theory of Astarita
(1967. A list of gas and agqueous-phase readions taken from the ealier work of Zaveri (1997 is givenin
Appendx A-1 throughA-4. It isnoted that these medhanisms are partialy different from the aurrent work of
Zaveri (1997 in which some rate constants have been updited and additional readions have been included.
In this work, we extended the ealier verson d MaTChM of Zaveri (1997 to include heterogeneous uptake
of gaseous pedes on agosols to explore the dfed of agosols on phaochemistry and to compare it with the
effed of clouds. The heterogeneous uptake on agosols is treded as a pseudo first-order mass transfer
process(Li et a., 1993 Dentener et a., 1996. The model parameterizaionis described in detail below.

2.2 Mathematical Description

The governing equation for the mixed-phase dhemica system can be given as.

96 _ Poi— DG — HIKu (Ve(@ — =) _ kG, 1)
dt - Gi Gi 3i i i a c i 100(]—|| i\ Ji
A _ (Ps— DwA) +H KL-(E)V(E Ao ) 2)
@ AT YT 1000H
dP =
Y_ = KpiGl (3)

dt

where, Gi is the bulk or average gas-concentrations of spedesi, A and P arethe average gueous- and
ag0sol-phase mncentrations of spedesi, respedively (defined as the total amourt of spedes in the ajueous
or agosol phases divided by the total volume of water in clouds or agosols, respedively). Pg; Dg;i, Pai, and
Dy are the dnemicd production and destruction terms for the gas and aqueous phases, respedively. aisthe
radius of cloud doplets which is assumed to be monodsperse, H; is the dfedive Henry’s Law constant, V.
is the liquid water content, and N4, IS Avogadro's number. Ki; is the overal mass transfer coefficient
acourting for gas-phase diffusion, interfadal mass transfer, agueous-phase diffusion and readions in
clouds; K isthe pseudo-first-order rate wefficient which describes the overall net heterogeneous lossrate of

gas-phase spedes on agosol surfaces. X is the mnwersion fador from moles L-1 to moleaules cm3, =103
Navo Ve. Y isthe mnversion fador from pg m-3 to moleaules cmr3, = 10° (R T Cy;,/P M;), where Ris the gas
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constant in am m3 (Kmol K)-1, T is the temperature in K, P is the presarre in am, Cg, is the ar

concentration in moleaules cm3, and M; is the moleaular weight of spedesi.
Kj can be cdculated based onthe two-film theory of Astarita (1967) (Zaveri, 1997:

i — l + ﬂ (4)
Kui ki ki

with i:i+i_ and k|i=ﬂ
ki Dd aiv i

where ki is the liquid-side masstransfer coefficient with chemicd readion for spedesi; kg is the combined
gas-phase and interfadal masstransfer coefficient for spedes i; Dgi and Dj; are the gas-phase and liquid-
phase diffusion coefficients for spedes i, respedively; q; is the mass acommodation coefficient (i.e.,
sticking coefficient) for spedesi ; v isthe mean moleaular spedl; and di isthe liquid-side hypaheticd film
thicknessfor spedesi. It depends on the doud doplet radius and the effedive agueous-phase first-order
readion rate nstant, Da— Pa/A.. A detailed descri ption d the masstransfer treament can be foundin
Zaveri (1997).
The net removal rate onaeosols, K , can be given as (Helkes and Thompson, 1983:

2
Koi = [kai(r) Ch(r)dr 5)

51

where kg;i(r) is the gas-to-particle diffusion rate cnstant of spedes i for a particle of radius r. It can be
cdculated by the Fuchs and Sutugin interpalation equation (Fuchs and Sutugin, 1970:

K = 41 DgiV
&7 1+Kn(A +4@1-y)/ 3y)

(6)

where the variable V represents ventil ation fador which is close to 1, K, is the Knudson number, defined as
the ratio of the dfedive mean freepath of a gas moleaule in air, A, to the particle radiusr, v; is the uptake
coefficient (i.e., readion probability) for spedesi . n(r)dr isthe a@osol number density between radii r and
r+dr. It can be described using the lognamal size distributions for three aeosol modes (i.e., nwcledion
(0.00:0.1pum), acauimulation (0.1-1 um), and coarse modes (>1 um)) (Jaenicke, 1993:

dN() _ 2y ~(logr/R)?
d(logr) ~ ,Zl‘/ﬁlogaj ®XPTS (logar)? } ()

where N(r) isthe aumulative number concentration for particles with radius larger than r, nj, Rj and o are the
number density, mean radius and standard deviation d mode j, respedively.



2.3 Mass Accommodation Coefficient and Uptake Coefficient

The mass acommodation coefficient a is a fundamental parameter for heterogeneous uptake of
gaseous edes on particles. It represents the probability that a gas moleaule reading the particle surface
will adhere to it. The sticking moleaule may remain on @ penetrate the surfaceor be desorbed badk to the
gas phase. The net flux to the surface ca be described by the uptake wefficient y (i.e., readion probability),
which is defined as the fradion d colli sions that leals to irreversible lossof gaseous gedes on the particle
surface The distinction ketween a and y becomes important when desorption accurs. 'y represents a lower
limit to o when the various processes can na be separated. Althougha andy for various gedes have been
extensively measured duing the last severa yeas, there ae still | arge discrepancies among measured values,
with the uncertainty fadors ranging from 2-3 and 210, respedively (DeMore d al., 1999. Thus, a mnstant
value is usually assumed for al spedesin current model studies (e.g., Pandis and Seinfeld, 1989 Dentener,
1993 Li et a., 1993. Sincethe magnitudes of a or y for various gedes vary from 108 to 1, havever, this
simplified treament may introduce significant errors when estimating the dfeds of heterogeneous processes
on phdochemistry.

In this dudy, we incorporate the best-guessed individual massacammmodation coefficients, a;, either
from measurements or indiredly derived from kinetic measurements, to caculate the overal masstransfer
coefficients K ; between gas-phase and cloud doplets, as siown in Eq. (4) . In the light of the increasing
measurements of a; andy;, it isassumed that all gaseous edes that can be transferred to cloud doplets may
undergo similar heterogeneous uptake and readions on deliquescent agosols. As an initial study indicaing

the dfed of agosols on tropaspheric chemistry, these removal processes are asumed to beirreversible. The
individual uptake mefficients y; measured or assumed based on the measured a; are used to cdculate the

irreversible heterogeneous lossrate Ky, of gases on agosols, as shownin Eq. (5). Table 2 and 3show a; and
yi of condensing spedes used in the model and the resulting K, under the five modeled conditions, which
will be described in the next sedion. K, isastrongfunction d available aeosol surfaces. It rangesfrom 1.0
x 102t0 1.0 x 1610s1 andisupto 2-3 arders of magnitude higher under the palluted conditions than those
under relatively clean condtions.

2.4 Modd Inputsand Simulation Approaches

The sensitivities of overall model predictions are cdculated along with the base simulations under a
broad range of atmospheric condtions including heavily-palluted (Heavily-padluted), pdluted (Urban),
moderately-pall uted (Rural), marine (Marine) and remote marine (Remote) condtions. Theinitial condtions
are given in Table 4. Mogt initial concentrations are mainly based on literature values and the initial
compasition d hydrocarbon spedes is from Stockwell et al. (1990. The initial NOy concentrations range
from 0.1 ppb undr the Remote cndtions to 110 ppb une the Heavily-pdluted condtions, and the
correspondng initial ROG ranges from 1.0 to 1100 ppbwith a ratio of ROG/NOy of 30 for the Urban
condtions and 10for other condtions. Under ead condtion, we further evaluate four scenarios: clea air
(Gas) with orly gas-phase readions included, gastagosol (Aerosol) with gas-phase and aeosol surface
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read¢ions included, gastcloud (Cloud) with gass and agueous-phase readions included, and

gastcloudtaegosol (Cloudt+Aerosol) with al readions included. A constant cloud doplet radius of 10 um
and a volumetric water content of 4 x 107 are asumed for al simulations under cloudy condtions. These
values are based onthe measurements of the most common cloud types (e.g., stratus and cumulus) in the
boundry layer and the freetropasphere (Pruppacher and Klett, 198Q Heymsfield, 1993. The resulting total
droplet number density is about 95 cmr3, with total surface aeaof 1.2 x 10> um2 cmr3. Different aeosol
size distributions measured under different atmospheric condtions (e.g., Whitby, 1978,Jaenicke, 1993and
Fitzerald, 1991 are used in thiswork. The total agosol surface aea aail able for surfaceuptake varies from
afew tens um2 cm3 under relatively clean condtions to afew thousands pm2 cm3 in pdluted atmospheres.

All simulations began at locd noon and were run for 2 hous. During this period d time, the
atmospheric mixing, generaly in equilibrium with emissons, has minimum effed on dstribution and
ambient concentrations of spedes. With maximum phaolysis rates, pea&k ozone levels can be readed at
approximate 2-4 pm. From gas-aqueous masstransfer standpant, the gas and agueous-phase equili bria can
be established as rapid as within a few minutes and a 2-hr period is aufficient to simulate the ajueous-phase
readions and predict their feedbadk to gas-phase demistry, as hown in Pandis and Seinfeld (1989. A
constant temperature of 280K and a relative humidity (R.H.) of 80% are used for al smulations. While the
high R.H. is assciated with most cloudy condtions and pdl ution episodes, it also warrants ambient agosols
in deliquescent state with certain amourts of liquid water on the surface A temperature of 280K refleds a
lower limit of the observed values in the boundry layer clouds. The phaolysis rates are cdculated
continuowly throughou the simulation period at a latitude of 40° N under summer time @ndtions. Clouds
and agosols are asumed to remain al the time for Aerosol, Cloud and Cloud+Aerosol cases. The set of
ordinary differentia equations (ODES) describing the mass balances is lved using LSODE (Livermore
Solver for Ordinary Differential Equations) software padkage (Hindmarsh, 1983. An integration time step
of 1 minuteis used.

3. Sensitivity Analysis M ethod

The system of ODEs for gas, agqueous and agosol phase concentrations shown in Eq. (1) through(3)
can be written in agenerali zed form:

d
% =r(c,tq) c(t)=c, (8)

where c is the N-dimensional vedor of concentrations, g is the M-dimensional time-independent veaor of
model parameters, ¢ is the concentration o the kih spedes, ry is the readion rate of the kih spedes and is
dependent onc, g, andthetimet, cyistheinitial condtion onc.

The sensiti viti es of the amncentration o the kth spedes with resped to the Ith parameter

_
S = _éck
[{ dq (9)
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can be omputed using a variety of tedhniques including the brute force method, Green's function anaysis

(Cho et al., 19879, adjoint Green's function analysis (Hall and Caauci, 1983, and several variations of the
dired decouded methods (Dunker, 1984. Most sensitivity studies of 3-D atmospheric models have been
condwted using the so-cdled brute force method, i.e., a number of model parameters are varied and the
simulation results are then compared. This approadh is closely related to finite-diff erence gproximations of
derivatives, where the derivatives dc, / dg, are gproximated as[c(q +he) —c.(q)]/h where g isavedor
that is all zero except for an entry of unity in its Ith comporent. This method keacomes lessviable @ the
model becomes more mmprehensive becaise of the large computational burden. In addition, a suitable
choice of the stepsize h may na be obvious. An dternative technique for sensitivity study is automatic
differentiation (AD). This approad is superior to finite difference gproximation d the derivatives becaise
the numericd values of the cmputed derivatives are guarantead to be acarate to macdiine predsion and the
computational effort can be significantly lower (Griewank and Corliss 1991. In ou work, we employ the
ADIFOR (Automatic Dlifferentiation in FORTRAN) tod (Bischof et a., 1992, 1998), to compute a
complete set of sensitivities for al spedeswith resped to al model parameters.

3.1 Introduction for ADIFOR

Automatic differentiation is an approach to computing sensiti viti es which relies on the fad that every
function, nomatter how complicaed, is exeauted ona computer as a sequence of elementary operations such
as additions, multi plicaions, and elementary functions auch as sin and cos (e.g., Rall, 1981 Griewank and
Corliss 1991 Berz @ a., 1996. By applyingthe dhain rule of derivative cdculus over and ower again to the
composition d those dementary operations, ore can compute, in a @mpletely medanicd fashion,
derivatives of a function f that are wrred up to madine predasion. Traditionally, two approades to AD
have been developed: the so-cdled forward and reverse modes, which are distingushed by how the dhain
rule is used to propagate derivatives throughthe computation. The two approaches are briefly summarized

below. A detailled description can be foundin Bischof et a. (1996) and the references therein.
Asaime that we have a ©de for the mmputation d afunctionf, f :q OR" —c¢ OR" we wish to

compute S, in EqQ. (9), i.e., the derivatives of the dependent variables ¢, with resped to independent variables
g. The forward mode propagates derivatives of intermediate variables with resped to the independent
variables and foll ows the control flow of the original program. By exploiting the lineaity of differentiation,
the forward mode dl ows usto compute abitrary linea combinations J U of columns of the Jacbian J = dc
/ dg. For an Nxp matrix U, the dfort required is rougHy O(p) times the runtime and memory of the

original program. In particular, when U is a vedor u, we @mpute the dirediona derivative
f(q+htu) - f(q
-

In contrast, the reverse mode of AD propagates derivatives of the final result with resped to an
intermediate quantity, in a fashion that is closely related to dscrete adjoint techniques. To propagate
adjoints, one must be ale to reverse the flow of the program, and remember or recompute any intermediate

value that norlinealy affeds the final result. However, if these technicd difficulties can be overcome, for a

J0Ou=lim_ |
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zx M matrix W, the reverse mode dl ows us to compute the row linea combination W I with O(z) timesas

many floating-point operations as required for the evaluation d f. When W is a row vedor w, we mmpute
the derivative d(w' Oc)/d q.

The ADIFOR 2.0 system, jointly developed by Argonre National Laboratory and Rice University
(Bischof et a., 199@), provides the diredional derivative computation pasbiliti es associated with the
forward mode of AD. ADIFOR has sveral novel fedures:

* It employs a hybrid scheme that combines the forward mode overal with the reverse mode & the
statement level;

* The SparsLinC subsystem all ows transparent exploitation d sparsity in derivative objeds, withou any a
priori knowledge of sparsity structure (Bischof et al., 1996b);

 The ADIntrinsics subsystem provides complete and wser-configurable handing o al Fortran 77
intrinsics,

* ADIFOR suppats dmost al of Fortran 77,in particular, the differentiation d codes using any or all of
thered or complex single or doulde predsion-valued datatypes.

ADIFOR has been applied to sensitivity analysis in a variety of problem domains as described in
Bischof et al. (1996). In particular, ADIFOR has been used for sensitivity analysis of atmospheric models
including 0D Sulfur Transport Eulerian Model (STEM-II) (Carmichad et a., 1997 and MM5, a 3-D finite-
difference weaher model for meso- and regional-scde studies (Bischof et a., 199&). Applicaion d
ADIFOR to a mde requires that the user designate the independent and dependent variables with resped to
differentiation, and provide the location d the source files containing the subroutines to be differentiated.
ADIFOR then generates a new FORTRAN code that computes both the original simulation and its
derivatives. The user then provides a derivative driver that seleds at runtime what derivative is to be
computed (this corresponds to the instantiation d the matrix U mentioned above) and invokes the ADIFOR-
generated code. Similar functionality has been recently developed for ANSI-C programs with the ADIC todl
(Bischof et a., 19969 and that a survey of available aitomatic differentiation tools can be found at
http://www.mcs.anl.govProjedsautodiff/AD_Todls.

3.2 Application of ADIFOR to MaTChM

To compute the sensitivities S, in Eq. (9), we gplied ADIFOR diredly to the MaTChM code, which
basicdly consists of the cwde for LSODE and the ade for rate equations. That is, we @nsidered the
MaTChM code & a “bladk box’ that, given an initial concentration cy and inpu parameters g, produced
concentration d spedesk at timet, ci. Nominating g as independent variables and ¢ as dependent variables,
ADIFOR then automaticdly produces a de that computes the desired sensitivity coefficients.

Carmichad et a. (1997 applied such a bladk-box approach to the STEM-II model using a quasi-
steady state gpproximation (QSSA) integrator. They showed that for a fixed-stepsize QSSA integrator this
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bladk-box approach delivered results that are comparable to those obtained by integrating the ODE’s for §q

that would be obtained by dfferentiation d EqQ. (8). In general, though,the auitomatic differentiation d
sophisticaed numericd integrators requires sme cae. In particular, Eberhard and Bischof (1996 showed
that for integrators with adaptive stepsize ®ntrol (such as LSODE) some paostprocessng may be required to
recver the desired sensitivities. They observed that the algorithmic sensitivities (which are computed by
AD) may refled the impad of numericd artifads sich as stepsize ontrol and showed the relation o these
algorithmic sensiti viti es with the analytic sensitivities that are desired. In the cae of LSODE, it turned ou
that the stepsize ontrol did na affea the AD-computed derivatives as described in Eberhard and Bischof
(1999. However, uncer cloudy condtions, we had to adjust the so-cdled “interna stepsize” parameter of
LSODE to oltain the desired derivatives. We ae ontinuing ou studies on the interplay of AD and
sophsticaed numericd agorithms. So far initial work has been dore on integrators (Carmichad et d.,
1997 Eberhard and Bischaf, 1996 and certain classes of norlinea solvers (Griewank et a., 1993, bu much
remainsto be dore.

To compare sensiti vities with dependent and independent variables of different orders of magnitude,
the dimensionless ensitivities (i.e., namalized locd sensitivities) is cdcul ated:

S, = q 95 _dinc, (10)

c dq dInqg

The sign o S, gives the sense of resporse of ¢k uponthe relative variation d g. The positive values
indicae that ¢, increases with the increase in q;, whil e the negative values mean areversed change in ¢, when
increasing g;. The magnitude of S, gives the relative dhange in ¢k due to ore unit change (i.e., doubling its
value) in .. For instance, a value of S,=0.5can be interpreted to mean that doulding q; will 1 ead to a 50%
increase in concentration o spedes k.

Applying ADIFOR to MaTChM, we computed the sensitivities of 144 ggs, aqueous and agosol
spedes concentrations with resped to 404 model parameters at every integration time step. The model
parameters include 245 readion rate nstants; 134 mass transfer parameters, 21 spedes initial
concentrations, and 4 phyicd parameters (temperature, R.H., cloudwater content and droplet radius). While
it is easy to compute derivatives with AD and recompute derivatives in response to changes in the code (we
adualy founda bugin the ade of MaTChM throughinspedion d the ADIFOR-computed sensiti viti es),
large-scde sensitivity analysis is gill computationally expensive. For example, the undfferentiated model
required 0.72VIB of memory and 1.3minutes on an IBM RS/6000workstation with 128VB RAM running at
62.5Mhz. On the same madine, the sensitivity analysis with resped to all 404 parameters required 197MB
of memory and rougHy 10.6 hous CPU time. For every run, we omputed 404 @rameters x 144
concentrations x 60 time steps = 3,490,560sensitivities. Using ADIFOR “out of the box,” it was feasible to
compute this large number of sensitivities with little human effort, and the time required to compute the
derivatives mattered littl e in comparison to the dfort required to interpret the 27.7 Mbytes of data produced
by orerun.
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We note, howvever, that AD and the asociativity of the dain rule dlow for various ways of

deaeasing the computational cost, bah with resped to memory and runtime. Derivatives can be mmputed
in parald (Bischof et a. 1994 Bischof and Wu 1997, cost can be reduced by techniques such as interface
contradion (Hovland et a., 1997 Bischof and Haghighat, 1996, the number of derivatives can be reduced
via “shaped’ perturbations (Bischadf et al., 199&), or the understanding d the mathematicd underpinnings of
a particular agorithm may make it possble to avoid dfferentiation d parts of the ade (Griewank et a.,
1993 Carle and Fagan, 1996.

Given the sengitivities of individual spedes, the sensitivities of the ratio of the cncentrations of the
ith spedesto the jth spedes with resped to the abitrary parameter g, can be eaily derived as the diff erence of
the two individual sensitivities:

gu=—3 dcle) _ad _ads_3_g (11)

(cilg) oq cdg Gadg

The sensitivity of lumped concentrations of two (or more) spedes can aso be cdculated as the sum of
products of the concentration fradion and the sensitivity coefficient of ead spedes:

q d(ci +cj) _ G = G -
(c+c) da  (c+q) >t (ci+c) 3 (12

_$ijl =

Using Eqg. (11) and (12), we cdculated the sensitivities of several lumped spedes (e.g., NOx, NOz, RxOy,
defined in Table 1) and phdochemicd indicators (e.g., NOy , O3/NOz, and HO0,/HNO3) with resped to all
model parameters under al condtions. Instantaneous sensitivities at seleded time steps and the sensitivities
averaged duing the last how simulation along with base simulation results are analyzed and dscussd
below.

4. Resultsand Discussions
4.1 TheBase Simulations
4.1.1 Heterogeneous Effects on Gas-Phase Species

Table 5 shows the average mncentrations and percent changes in concentrations of 12 mgor gas-
phase spedes and total sulfate and ntrate formed in all phases during the last hour simulation undr various
condtions. The heterogeneous processes associated with clouds and agosols can affed these spedesin a
variety of ways, either increasing a reducing their concentrations. The danges in spedes concentrations
range from a few percent to severa times, depending on poperties of spedes (e.g., ggs-phase diffusivity,
interfadal mass acommodation coefficient or uptake mefficient, effedive solubility, diffusivity, and
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readivity in the aqueous-phase) and properties of pre-existing particles (e.g., liquid water content and size
distribution).

Under cloudy condtions, HNO3;, HCHO, HO,, and H,O, experience significant reduction (10.4
100%) in their gas-phase concentrations due to their high solubiliti es (with Henry’s law constants greaer
than 100M atm1). Although OH, SO,, and H,SO, have relatively small Henry's law constants, these
spedes can undergo rapid agueous-phase readions and/or dissociations, which gedly enhances their
effedive solubility and results in large mncentrations deaeases (6.8100%). Under agosol condtions,
various gedes undergo irreversible readions on agosols with a pseudofirst-order rate ranging from 1 x 10
10to0 1 x102 s1, which depends on gps-phase diffusivity, pre-existing agosol surface ad individual spedes
uptake mefficient. When the surface aeas are greaer than 1 xX1# pm2 cm3 (i.e., Rural), agosols are found
to have gpredable dfeds (deaease by 6.6 43.9%) on many spedes including HNO3, PAN, HySOq,
HCHO, OH, HO,, and H,O,. They bemme very effedive scavengers when the avail able surface aess are
greder than 1 x13 pm2 cm3 (i.e, Urban and Heavily-pdluted), with deaesses in many spedes
concentrations comparable or even larger than those under cloudy condtions.

In the presence of both clouds and agosols, heterogeneous uptake ard chemistry on bdh surfaces
occur, competing for the available cndensing gases. The wmbined heterogeneous effeds are anoninea
function d their individual effeds. The magnitude of these dfeds is determined by the scavenging
efficiencies of clouds and agosols, which vary with the initial gas-phase wncentrations, the assumed cloud
parameters and agosol size distributions. In the Marine and Remote @amospheres, cloud processes control
losses of almost all spedes, becaise the total surface aeaof cloud dopletsis 1.2 x 16 um?2 cmr3, which is at
least four orders of magnitude higher than the total agosol surface aeas. Aerosol surfaceuptake becomes
increasingly important with increasing surface aeas. Under the Heavil y-pall uted and the Urban condtions,
the large ae€osol surface aeas result in rapid heterogeneous loss rates for many condensing spedes.
Consequently, agosols srve @ a very effedive sink for many spedes including OH, HO,, HCHO, PAN,
and Os, while bath clouds and agrosols contribute significantly to the lossof HNO3, SO,, HoSO4, and Ho0o.
The dfed of agosols can be mmparable or even overwhelming to that of clouds. For instance, under the
Heavily-pdluted condtions, more than 80% of deaease in O3 and PAN concentrations is due to agosols
surfaceuptake processs.

As a @nsequence of the deaeases in concentrations of many gaseous preaursors and readive
radicds, the predicted concentrations of O3 and PAN are @nsistently reduced in the presence of clouds

and/or agosols. Figure 1 shows concentrations of O3 and PAN as a function d time under various pall uted
condtions. The deaeases in Oz concentrations at the end d the 2-hou simulation range from 0.6-5.1 ppb
(~3-9%), 0.224.2 ppb(~0.3-27%) and 0.624.5 ppb(~3-26.8%) due to cloud chemistry, agosol surface
uptake, and the combined cloud and aerosol chemistry, respedively. While the magnitude of cloudeffed on
O3 is gmilar under various condtions due to constant cloud water content and doplet size the agosol
surface aea and O3 formation are anti-correlated, i.e., the magnitude of O3 reduction appredably increases as
the ar beaomes increasingly pdluted (i.e., the surface aeas become larger). Under moderately-poll uted and
relatively clean condtions, the deaeases in O3 due to agosol surfacereadions are negligible (< 2%). The
agosol surfaceuptake processes become important and damninate the deaeases in O3 concentrations under
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the Urban and the Heavily-pdluted condtions. The relative changes in PAN concentrations under various

condtions are even larger, with deaeases of 0.1-0.7 ppb (~8-69.246), 0.0031.7 ppb(~2-38%) and 0.152.1
ppb (33-69.26) at the end d simulation dwe to cloud chemistry, aegosol surface uptake and their
combination, respedively.

Clouds and agosols are not aways a sink for gas-phase spedes. Their presences adually help
increase gas-phase budgets of some insoluble or less ®luble readive nitrogen and aganic spedes including
NO, NO,, PAR, OLE, ETH, TOL, XYL and ISOP. Sincethe readions of these spedes with many oxdants
and radicds are usually the mgjor sinks, the deaease in the concentrations of oxidants and radicds reduced
these sinks. For example, lower OH and HO, can lower the depletion rates of NO, PAR, OLE, ETH, TOL,
XYL, and ISOP via readions G28, G52, G57, G61, G63, G69 and G76, respedively. As a result, these
spedes remain in the gas-phase with higher concentrations when there ae douds andor agosols. The
effeds of clouds and agosols are complicaed for NO,, with a deaeased concentration uncaer the Remote and
Heavily-padluted condtions and an increased ore under other condtions, refleding a cmpetition between
its snk and source readions. In addition, the heterogeneous oxidation d SO, and NOy associated with
clouds and agosols is sown to be adominant pathway, resulting a higher total sulfate formation under all
cloud and/or agosol condtions and a higher nitrate formation undyr the Heavily-palluted condtions as
compared to thosein clea air.

Dentener and Crutzen (1993 reported a net deaease in yealy-averaged concentrations of NOy (by
50%), O3 (by 25%) and OH (by 30%) due to heterogeneous readions of NO3 and NoOs onaegosols using a
3-D global moddl. While mnsistent results are found for O3 and OH, ou results also show the
concentrations of NO, could be higher (rather than lower) when agosol chemistry isincluded. The different
agosol effeds on NOy, can be atributed to two reasons. First, the uptake mefficients that we use for NO3
andN,Os are 1 x 103 and 5 x 163, respedively (Thomas et al., 1989 Kirchner et al., 199Q, which are lower
limits of avail able measurements. Dentener and Crutzen adopted the value of 0.1 for both spedes, which is
the upper limit of measurements. Whil e these two studies provide the variation range of the observation, the
rate of denitrificaion dwe to NO3 and N>Osg readions on agosols is sveral orders of magnitude faster in
their work. Semndy, Dentener and Crutzen negleded ather possble aeosol surface readions sich as
uptake of OH, HO, and H,0, in their cdculations. OH levels are likely overpredicted when these processes
areignaed. Thelowered OH levels predicted in this work can further reducethe rate of NOy sinks (e.g, G26
and G28), resulting in higher gaseous NOy.

4.1.2 Heterogeneous Effects on Photochemical Indicators

Scientific understanding d the relationships between O3 and its preaursors NOy and ROG is essential
in the development of more dfedive O3 abatement strategies. A fundamental fador that leads to dfficulties
and ineffedivenessin attainment of O3 is that Oz is not diredly emitted bu is formed by a complex set of
phaochemicd readions involving norinea interadions among NOy, ROG, and CO. In the past,
evauations of O3-NO-ROG sensitivity have largely relied on 3D phaochemicd modd simulations, which
are highly dependent upon model assumptions and thus possbly lead to inacarate predicted sensitivity.
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Recent studies have establi shed the use of measurable phaochemicd indicaors in determining the O3-NOy-

ROG sensitivity in arder to effedively control O3 at nonattainment regions. This approacd is based on
dired measurements of individual spedes or spedes ratios that consistently assume different values under
NO,- and ROG-sensitive mndtions. Milford et a. (1994 have foundthat O3 is ROG-sensitive in regions
where dternoon NOy, concentrations are higher than a threshold value ranging from 10-25 ppb,wherezs it
beames NO,-sensitive with NOy, concentrations lower than the threshold. Sillman (1999 has linked ROG-
sengitivity chemistry to afternoon condtions with NOy>20 ppb, Os/NO, < 7, HCHO/NO, < 0.28, and
H>O,/HNO3 < 0.4, lower NOy and higher ratios correspondto NOy-sensitive O3. Other indicators include
O3/NOy, O3/HNO3, HyOo/NOy (Trainer et a., 1993; Sillman, 1993 and (HNO3/H0;) / (NO/ROG)
(Stockwell, 1986. All these indicators and correspondng threshald values are established under the dea air
condtions. The theoreticd rational for use of these spedes and ratios as indicaors for O3-NOy-ROG
sensitivity is described in severd literatures (e.g., Milford et a., 1994 Sillman, 1995.

The cdculated indicaors under various polluted condtions are shown in Table 6. The relative

changes represent the perturbation in the indicaors due to clouds and/or agosols relative to the values under
the dea air condtions. According to the dorementioned threshold values of indicaors, O3 is ROG-

sensitive and NOy-sensitive under the Heavil y-palluted and the Rural clea air condtions, respedively. O3
chemistry exhibits atransition ketween the two regimes under the Urban condtions, with 10< NOy <20 ppb
but values of O3/NO,, HCHO/NOy and H>O,/HNO;3 higher than the threshalds. While doud and aeosol
chemistry can adways increae Os/NO, and O3z/HNO3, deaease NOy, HyO,/NOy, HCHO/NOy, and
(HNO3/H20,)/(NO/ROG) under all modeled condtions, it can cause ether an increase or a deaease in
O3/NOy and HO/HNO3. Some dhanges are so substantial that they can cause a ontroversy or even failure
of the &owe aiteria developed for determination d O3-NO4-ROG sensitivity. For example, the value of
O3/NO, uncer the Heavil y-pall uted condtions changes from 6.48to 14.1and 13.2in the presence of clouds
and aeosols, respedively, which exceals the range of ROG-sensitive regime. Other indicaors NOy,
HCHO/NO, and H,O,/HNO3 till fall in the ROG-sensitivie regime. Exclusion d heterogeneous chemistry
could cause the incorred model predictions of indicators and the inacairate determination d threshold values
for different chemicd regimes. Therefore, the establi shed criterias of indicators under clea air condtions are
nat appli cable to regions where the large doud coverage or high agrosol 1oading are frequently observed.

4.2 Sensitivity Analysis

The base simulation results dow that heterogeneous chemistry can significantly change

concentrations of many important gas-phase spedes and reduce the total tropaspheric oxidizing cgpability
(TOC) (i.e., the total burden of principal oxidants such as O3z, H2O», and OH radicds) under typicd

atmospheric condtions. To further study the crrelation o Oz and its preaursors and to evaluate the relative

importance of the homogeneous and heterogeneous pathways, we anduct several sets of sensitivity analysis
for the mixed-phase dhemicd medanism by excluding a including heterogeneous chemistry under the five
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condtions using automatic differentiation ADIFOR todl. The results are presented and dscussd in the

following sedions.
4.2.1 Gas-Phase Chemistry

4.2.1.1 Sensitivity to Gas-Phase Reaction Rate Constants

The 30 most influential readions for O3 concentrations under the five condtions are ranked along
with the 1-hr average sensitivities of O3 to these readion rate mnstants in Table 7. These readions could
have ather positive or negative influences depending onthe signs of their sensitivities. Og predictions are
more sensitive (by a fador of a few to severa hundeds) to readion rate cnstants under various polluted
condtions (i.e.,, Rural, Urban and Heavily-pdluted) than relatively clean condtions (i.e., Marine and

Remote) for one unit change in the rate mnstants. For instance, when the rate onstant of R1 doules, the
predicted O3 concentration will i ncrease by 1.86%, 4.13%6 and 27.7% under the Remote, Rural and Heavily-

polluted condtions, respedively. Thisis becaise O3 formation rate in the lower atmosphere is propartional
to the TOC. The TOC is much higher under palluted condtions, resulting in higher readion rates of most
spedes. Higher sensitivities refled higher influence of these readions and larger model resporses to

uncertainties in the rate constants.
Under the Remote and Marine @ndtions, the most important readions contributing to O3 production

are NO+HO2 (G28), NOx+hv (G1), CH4+OH (G116), NO+CH302 (G117), HoO2+hv (G34), CO+OH (G36),
HCHO+hv (G38), Co03 + NO (G46), the phatolysis of O3 (G9) and the subsequent reation d O(1D)+H>0
(G11). G28 and G117 are major pathways for conversion d NO to NO,. Followed by G1, they generate
O(3p), which dredly produces O3. The phaolysis of HoO, (G34), HCHO (G38) and O3 (G9) are the major
sources of OH and HO,. A higher rate constant of G9 deaeases O3 but increases O(1D), which contributes
to O3 production vageneration d OH (G11). Theincrease in O3 via G11 compensates the deaease via G9.
Thus, G9 has a net paositive impad on O3. OH can be onwverted to HO, and CH30, by reading with CO
(G36) and CH4 (G116), respedively. These radicds then convert NO to NO» via G28, G117 and G46. The
generation and inter-conversion d these radicas thus increase Oz by increasing the TOC. Compared to the
Remote cndtions, O3 formation undr the Marine @ndtions is more dfeded by the phaolysis of HCHO
(G38) by ore order of magnitude, due to a much higher initial HCHO. The readions contributing to O3
destruction include NO+O3 (G3), HO>+CH30, (G118, NOx+OH (G26), 2HO,+H20 (G33), HO>+HO2
(G32), O(1D) - O(3p) (G10), O3+HO7 (G13), O3+OH (G12), ALD, +OH (G43), and C,03 + NOy (G47).
O3+NO (G3) is the predominant destruction pathway for O3. G10 reduces O3 via reducing O(1D), a major
source of OH. Representing the maor sink for OH, HO,, and CH30O>, the formation o peroxides (G118,
G33 and G32), HNO3 (G26) and PAN (G47 following G43) reduces the TOC thus deaeases O3. O3 can
also be diredly destroyed by OH (G12) and HO, (G13).

Under various pal uted condtions, G28, G32,G33,G116-118 kecme lessimportant or unimportant
becaise of the relatively lower HO, and CH30,. O3 predictions are highly sensitive to ROG chemistry.
This is consistent with the results from phaochemicd indicaor cdculations in sedion 4.1.2. HCHO+hv
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(G38), ALD>+0OH (G43), OLE+OH (G57) beame the most important positi vely-influential readions under

the Urban and the Heavily-pdluted condtions, with their effeds comparable or even higher than ather
important inorganic readions such as G1 and G3. Other important positively-influential ROG readions
include readions of CoO3 with NO and NO> (G46 and G47), phaolysis of ALD> and MGLY (G45 and
G74), OLE+O3 (G58), NO+TO2 (G64) and readions of HCHO, PAR, ETH, TOL, XYL and ISOP with OH
(G37, G52, G61, G63, G69, and G76). A higher rate constant of G58 dredly deaeases O3z but
simultaneously increases odd hydogen RyOy and O3 preaursors HCHO and ALD2, which eventually give
riseto O3z viaGl and G2. Theincreasein O3 dueto these pathways suppresses the dired deaease, thus G58
shows a net positive impad. Other ROG readions (i.e.,, G37, G45, G46, G52, G57, G61, G63, G64, G69,
and G74) contribute to O3 formation by produwcing HCHO, ALD,, HO,; and RO,. G43 and G47 are
dominant negatively-influential ROG readions. G39 also contributes to O3 destruction by competing with
the positively-influential readion G38 and consuming HCHO. These results are cnsistent with the
sensitivity analyses of other gas-phase medhanisms such as RADM2, CBM-1V, LLM and STEM-II under
smog chamber and uwban plume cndtions by Milford et a. (1992, Gao et a. (1995 and Carmichad et al.
(1997.

Photochemicd indicaors are mainly discovered based ontheoreticd rational and case studies using
3-D models, therefore their applicaions involve large uncertainties arising from model assumptions or
omissons. While being verified by gowing olservational dataset, the sensitivity of these model-based
indicators to model parameters have not been fully explored. Our sensitivity analysis sows that NOy and
O3/NOy are relatively insensitive (§k| < 0.0) to most model parameters (e.g., readion rate @nstants),
whereas other indicaors invalving HoO2, HNO3, HCHO and NO; are highly sensitive to changes in many
model parameters. Figure 2 shows the 1-hr average sensiti viti es of O3/NO; and H2O2o/HNO3 with resped to
gas-phase readion rate @nstants under various palluted condtions. Both O3/NO; and H2O2/HNO3 are
much more sensitive to these rate constants than Oz itself, with their sensitivities aslarge & 0.6.

While the most influential readions for these indicaors are dmost the same & those for Og, their
relative impads are diff erent both in signs and amplitudes. For example, the phaolysis of HCHO (G38) has
apaositive impad on Oz, bu a negative impad on O3/NO; and HoOo/HNOs3. While ahigher rate constant of
G38 increases O3 and HoO, formation via generation d HOo, it aso increases the denominator NO, and
HNOs3. The net effed is the deaease in bah O3/NO; and HoO2o/HNO3. Such a deaease can be up to 10
55% when douling the readion rate constant of G38. Similar to Og, the indicaors generally exhibit higher
sengitivities on kasic O3-NO,-CO readions (G9-G11, G26, G28, G29, G32-34, and G36) under the Rurd
condtions, and higher (by a fador of 2-30) sensitivities on various ROG readions (G38, G39, G43, G45

G47, G52, G57, G58, G61, G69, and G74) under the Urban and the Heavily-pdluted condtions. This
coincides with the nature of the indicators as good markers for the O3-NO4-ROG sensitivity. For instance,

the sensitivities of O3/NO; and O3 to G38, G45, and G58 undr the Heavil y-palluted condtions are higher
than those under the Rural condtions by a fador of 4.0, 16,and 29, and a fador of 18, 68,and 168,
respedively, indicaing that ROG chemistry is dominant under the Heavily-padluted condtions. Lower
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sengitivities to ROG readions and higher sensitivities to O3-NOy-CO readions under the Rura condtions

indicate aNOy-dominant chemistry.

4.2.1.2 Sensitivity to Species I nitial Concentrations

The O3 predictions are dso sensitive to spedes initia concentrations. The initial O3 aways has the
predominant positive impad on the predicted O3. Douling initial O3 will result in an increase of 73-100%
in predicted O3 under various condtions. Figure 3(a) shows the sensitivity of O3 with resped to initial
spedes concentrations under the five condtions at the end d the 2-hr simulation. The Os-preaursor relations
are different at various condtions. Under relatively-clean condtions, Oz production increases with
increassing NOy but is insensitive to ROG (except for HCHO and ALD» under the Marine @ndtions). At
various polluted condtions, O3 formation increases rapidly with increasing ROG (except for ALD) and
deaeases with increasing NOy. The sensitivities of O3 to positively-influential ROG spedes increese & the
air becomes increasingly pdluted. Other O3 preaursors such as H2O», CO, and CH4 have relatively large
impad on O3 production uncr the Remote, Marine and Rura condtions. Being a mgor source of OH,
H20> helps produce O3 uncer these ndtions. CO and CHy4 aways tend to increase O3 via G36 and G116
followed by G28,G1 and G2.

Since O3 production rate is propational to readions of ROG with OH radicds under most
atmospheric condtions (Sillman, 1995, the different Oz-preaursor relations under various condtions can be
interpreted by relative importance of readions of odd hydogen, RxOy
(=OH+HO2+CH30+ETHP+C203+tROR+TO2+CRO, seeTable 1), as hown in Table 8. Under the Remote
and Marine @ndtions, formation d peroxides via HO>+HO» (G32), 2HO>+H>0 (G33) and HO>+CH302
(G118 are the major sinks for RxOy. The fate of OH is mainly gowerned by the inter-conversion d OH,
HO,, and CH302 via NO+HO> (G28), CH4+OH (G117), CO+OH (G36), and HCHO+OH (G37). OH
deaeases with a higher HCHO (due to G37) under bath condtions and aher ROG spedes including ALD»,
PAR, OLE, CoHg, ETH and TOL (due to G37, G43, G47, G51, G52, G57 and G61) under the Marine
condtions. Thus, Oz production is insensitive to most ROG (only HCHO exists under the Remote
condtions), becaise increases in ROG coincide with deaeases in OH. As a predominant pathway for O3
production, the mnversion d NO by HO» (G28) resultsin a higher O3 followed by G1 and G2 (seeTable 7).
NO+HO> (G28) and NO2+hv (G1) compete with NO+O3 (G3) and NO>+OH (G26), with lessNOy avail able
for the latter readions. In addition, OH increases with increasing NOy (due to G28). Thus, a higher NOy
aways causes a higher Oz under both condtions.

Under various palluted condtions, the readions of NOo>+hv (G1), NO+O3 (G3), NO>+OH (G26),
HCHO+hv (G38), ALD2>+OH (G43), and NO>+C>03 (G47) are the overwhelming pathways affeding O3
production. Both NO+HO; (G28) and NOx+OH (G26) are the predominant pathways for RxOy. While an
increase in NO consumes more O3 and HO» via G3 and G28, a higher NO», results in a lower OH (due to
G26). Therefore, an increase in NOy leals to a lower O3. Increases in individual ROG spedes either

increase or deaease OH, bu the net overal effed is adight increase in OH, refleding that ROG readions
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could be asource of RxOy. Thus, O3 increases with increases in most ROG spedes. When presence, ALD2

always has a negative influence on O3 (up to 11% deaease) because it ads as a sink for NOy via G43 and
G47. G43 generates C,03, which either reduce NO2 throughG47 a convert NO to NO; via G46. Being a
sink for NOp, GA47 is relatively more important to the source G46. Correspondngly, O3 deaeases with
higher rate constants of G43 and G47 bu increases with a higher rate constant of G46 (seeTable 7), causing
the anti-correlation between O3 and the initial ALD». The negative impad of ALD2 on O3 formation has
also been reported by Carmichad et a. (1997 under similar conditions, by Carter and Atkinson (1989 under
low NOy condtions and by Milford et al. (1992 under the smog chamber condtions with higher ROG to
NOx ratios.

Figure 3 (b) through (d) show the 1-hr average sensitivities of NOy, O3/NO; and H2O2/HNO3 to
spedesinitial concentrations under various paluted condtions. These indicaors are dfeded in avariety of
ways. NOy is predominantly correlated to initial NOyx and almost insensitive to initial concentrations of
other spedes. O3/NO; is anti-correlated to initia HoO», NO, HCHO, ALD»,, OLE, TOL, XYL and ISOP,
and paiti vely-correlated with initial Oz, PAR, CO and CH4. The impads of NO2 and ETH are compli cated
and can be ather way. For HoO2/HNOg3, the positively-influential spedes include H2O», ALD», PAR, CO
and CHyg, and the negatively-influential spedes are O3, NOy, HCHO and XYL. The impads of OLE, ETH
and TOL can be ather negative or positive. These relations are much more cwmplicaed relative to Os-
preaursor relations. The interpretation requires an understanding o the chemicd behaviors of the individual
indicaor spedes. Althoughan increase in various ROG spedes (other than ALD») can aways increase O3
production, orly a few of them (e.g., PAR) can increase O3/NO,. Most ROG spedes negatively affed the
indicaor becaise they simultaneously increase the denominator NO; to the extent of excealing the increase
in Oz. Whether the spedes have positive or negative impads depends on the relative importance of their
readions and the signs of the predominant readions. For instance, G1, G26 and G28 are important readions
for NO>. Under the Rural and Urban condtions G26 and G28 are the predominant readions and bdh have a
negative sign. Under the Heavily-pdluted condtions, G1 is predominant and hes a positive sign.
Correspondngly, O3/NO; and NO> are positively-correlated under the Heavily-palluted condtions but anti-
correlated uncer the Rural and Urban conditions.

4.2.1.3 Sensitivity to Temperature and Relative Humidity

Most spedes are very sensitive to changes in temperature and relative humidity (R.H.) under all
modeled condtions, as siownin Table 9. Under all condtions, a higher temperature dways resultsin higher
HNO3, H2SO4, OH, HO,, PAN and O3 due to an increase in their formation rates and lower SO, due to an
increase in its destruction rate. A higher temperature will deaease H>O» and increase O3, NO, and HNOg3,
with the net effeds of increasing NOy and ceaeasing the other two indicaors. Oz (under relatively-clean
condtions), SO, (uncer al condtions), and NOy (under poll uted condtions) are less ®nsitive to changes in
temperature, with their sensitivities at least one order of magnitude lower than those of other spedes and
indicaors. For example, an increase of 2.8 K in temperature will i ncrease O3 by 1.26%6 but increase HoSO4
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by 16.7%6 and deaease O3/NO; by 12.8%6 under the Rurd condtions. While SO,, Oz and NOy are dso less

sensitive to R.H., ather spedes and indicaors exhibit much higher sensitivities to R.H., with values greaer

than 1 x101. Thisis becaise the fates of these spedes and indicaors are governed by OH, which is mainly
produced throughreadion d O(XD)+H,0 (G11) and highly depends on the ambient concentration o water

vapor.
4.2.2 Aqueous-Phase Chemistry

4.2.2.1 Sensitivity to Aqueous-Phase Kinetic Reactions

The 25 most influential aqueous-phase readions on gas-phase O3 concentrations under various
cloudy condtions are shown in Table 10. Various aqueous-phase readions play an important role under
relatively clean (i.e.,, Remote and Marine) and moderately-paluted (i.e., Rural) condtions, with their
sengitivities comparable to aher dominant gas-phase readions. The senstivities of O3 formation to
agueous-phase readion rate mnstants are & least one order of magnitude smaller than ather dominant gas-

phase readions under the Urban and Heavily-pdluted condtions. Most agueous-phase readions have
negative dfeds on gas-phase O3 formation throughou the simulation time because these readions acceerate

the rates of scavenging d various gas-phase spedes including many Ogs-preaursors. As a result, the
formation rate of O3 drops from 0.3to 0.0 ppb h1, 2.25t0 0.6 ppb hl, 2.2to 0.75ppb h-1, 9.07to 5.75
ppb h-1l, and 5.88to 3.05 ppb hl under cloudy Remote, Marine, Rura, Urban and Heavil y-pall uted
conditions, respedively, as compared to the correspondngclea air condtions.

The major aqueous-phase readions include HO> + Oy (L7), O3 + Oy L(13), SO32+03 (L74),
CH2(OH)2+0OH (L50), HSO3+H205 (L75), HO>+HO> (L6), and S(IV)+HO> (L105 under al condtions;
H205+03 (L16) under relatively clean condtions; and SOs5+02" (L82), 2NO>+HSO3™ (L109, and HCHO+
SO32- (L112) uncer paluted condtions. Readions L6, L7,L13,L16,L74,and L112 ad as aqueous-phase
sinks for HO, H2O», O3 and HCHO, thus deaease O3 formation. Other readions such as L50, L75, L82,
L105,L109 can affeda O3z in a variety of ways. For example, L75 has a negative impad under pall uted
condtions but positive under relatively clean condtions. L50 shows an oppaite impad. Two o these
readions

L7  HOp+ Oy O Hy0, +O, +OH-
and L13 O3+ 0Oy - OH+20,+OH

are the predominant aqueous-phase readions under all condtions except the Heavily-padluted condtions.
Foll owed the dissolution equili brium of HO, and O3 between gas and agueous-phases, the self-readion o
disolved HO» (L7) destroys gas and aqueous-phase HO» and L 13 reduces nat only gas and aqueous-phase
O3, bu more importantly gas and agueous-phase HO». Being the dominant aqueous-phase sinks for HO»
and Oz, impad of L7 and L13is comparable to o even larger than their major gas-phase sink readions sich
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as O3+NO (G3), NO+HO, (G28) and NO»>+OH (G26). These two readions sgnificantly reduce the gas-

phase mncentration d HO» and Og, thus exhibit a negative impad on O3 formation. These results are in
goodagreement with the work of Walcek et a. (1997, in which they founda 30-90% reductionin locd O3
formation rates due predominantly to the two aqueous-phase readions L7 and L13 when excluding aher
tracemetal readions with dslved HO> under cloudy condtions.

Two aqueous-phase readions are predominant under the Heavil y-pall uted condtions:

L109 NO,+HSO3 OM9- SO.2 + 3H* + 2NOy
L75 Hy0.+HSO5 OMM - S(VI) + Ho0

Althoughthe rate of L109is just 0.02%6 NOy/hou, it resultsin alifetime of NO» in the agueous-phase in the
order of 1 s due to the low solubility of NO,, thus NO, plays an important role in the ajueous-phase
chemistry when its concentrations are high. This readion hes a positive impad on O3z formation by
consuming HSO3 thus lowering the rates of other negatively-influential S(1V) conversion readions such as
HoOo+HSO3 (L75), S(IV)+HO2 (L1095, HCHO+SO32 (L112 and O3+S032 (L74). The semndary
important readions under paluted condtions are:

L105 S(IV)+HO, [ - S(VI)+OH
and L112 HCHO+ SO32- OMf?- HOCH»SO3+OH

These two readions reduce HO2 and HCHO, thus exhibit negative impad on Oz formation.

Pandis and Seinfeld (1989 identified agqueous-phase readions important to major aqueous-phase
spedes througha comprehensive sensitivity anaysis using the dired decouded method undy the condtion
representative of a daytime doudy environment in the northeastern United States. However, no gas-phase
reagions were included in their simulations. Negleding gas-phase readions could lead to significant
difference in chemica behaviors of spedes, espedaly when rates of gas-phase readions are comparable or
even higher than correspondng aqueous-phase readions. Althougha strict comparison ketween ou results
and their work is impossble becaise of differences in initial condtions, some readion rate constants, and
mass transfer treament, Table 11 summarizes the 1-hr average sensitivities of aqueous-phase S(1V) and

S(VI) under the five modeled condtions for a synoptic comparison.
As mentioned in Sedion 4.2.1.2 the formation d H2O», via G32 and G33 in the gas-phase is the

major sink for odd hydogen RxOy under the Remote and Marine wndtions. Gaseous H2O2 can be rapidly
scavenged into cloud doplets due to its high solubility, leading to high agueous-phase HoO» concentrations.
With continuows urces (due to G32 and G33) and slow gas-phase sinks (due to G34 and G35), the high
agueous-phase H>0O» can be maintained throughou the simulation time. The readion d S(1V)+H20, (L75)
Is thus the dominant pathway for oxidation d S(IV) and formation d S(V1) in the ajueous-phase and hes a

negative dfed on agueous §(1V) and a positive dfed on S(VI) throughou the simulation. Other important
pathways for conversion d S(1V) to S(VI) include oxidation d S(1V) by HO» (L105), O (catalyzed by Fe3*
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and Mn2*) (L77) and Oy (L106); oxidation & HSO3™ by OH (L79) and CH300H (L103); and oxdation o

SO32 by HCHO (L112, when the ajueous concentration d HCHO is relatively high) and O3z (L74). The
reagions of HO2>+Oy, (L7) and OH+H20> (L5) have pasitive impads on S(1V), becaise they compete with
L105and L75 byconsuming HO2 and H>O», thus lower the conversion rates of S(1V) to S(V1) viaL105and
L75. Effed of CHy(OH)>+OH (L50) and O3+0O> (L13) on S(1V) and S(VI) can be ether paositive or
negative. L50 consumes OH and produces HO,, reducing the rates of aqueous oxidations of S(IV) invalving
OH but increasing thase invalving HO2 and O2.  Under the Remote @ndtions, L13 produces OH-, which
increases the pH and reduces the rates of some pH-dependent readions that contribute to S(1V) conversion
suchasL7. ThusL13 hes a positive dfed on agqueous-phase S(1V). Being a mgjor source for agqueous OH
under the Marine ndtions (and various palluted condtions, seebelow), onthe other hand, the readion o
O3+02 (L13) increasestherates of L79 and L105,thus acceerates the omnversion d S(1V) to S(V1).

Under various padluted condtions, the readions of NO+HO> (G28) and OH+NO> (G26) bemme the
dominant sinks for RxOy. Gas-phase H202 dramaticdly deaeases due to relatively high NOy and the rapid
scavenging by cloud doplets. Due to the deaeased gaseous HoO» concentration and its high readivity in
the ajueous-phase solution, the aqueous-phase H>O» concentration reades its maximum ( (3-7) x 105 M)
within the first minute then substantially drops to ~10 -7 M within 10-40 minutes. As aresult, the ajueous-
phase reat¢ion d HSO3" +H20, (L75) isnolonger adominant readion for conversion d S(1V) to S(V1) after
abou 40 minutes. Unlike Remote and Marine @mospheres in which L75 ads as an important sink for
aqueous-phase OH via depletion d H2O, and daminates the conwversion d S(1V) to S(VI) throughod the
smulation, L75 kecomes a positively-influential readion for both agueous-phase OH and S(1V) by
deaeasing H and affeding H-dependent readions when aqueous H>O»> concentrations are substantially
lowered (i.e., after ~40 minutes) under the padluted condtions. Instead, S(1V)+HO> (L105 bemmes the
primary pathway for S(IV) conversion. Other important conversion readions include oxidations of S(1V) by
Oy (caalyzed by Fe3* and Mn2*) (L77); oxidations of HSO3™ by SOs (L80), SO4 (L91), OH (L79), NO3
(L108), and NO» (L109); as well as oxidations of SO3 2 by SOs™ (L81), HCHO (L112) and O3 (L74). Other
pasitively-influential readions are SOs~ + O (L82), CH2(OH)>+OH (L50) and HO2+O2 (L7). These
readions can lower the readion rates of L105 and L79 through reducing dsslved OH and HO,, thus
indiredly reducethe cnwversionrates of S(1V).

While these results are generally consistent with the work of Pandis and Seinfeld (1989, naable
differences are the dired impaa of HO2 and H202 on S(1V) and S(V1) through dredly converting S(1V) to
S(VI) (L105and L75) and the indired impad of HO2 on S(1V) by lowering the disolved HO, (= HO2+0y")
(L7). Thereadion d S(1V) with HO> (L105) is the second important pathway for S(1V) conversion uncer
the relatively clean condtions and beames the first important one under various padluted condtions,
wheress it has little dfed on S(1V) in the work of Pandis and Seinfeld (1989. L75 consistently deaeases

the aqueous-phase S(IV) in the work of Pandis and Seinfeld (1989, whereas it can affed S(1V) in a positive
way at low HoO» concentrations (< 107 M) under our modeled pdluted condtions. This is becaise the

predicted aqueous-phase HO» concentrations under the five modeled conditions range from (0.9-4) x 108
moleaules/cm3, which are much higher than a value of ~1.0 x 10° predicted by Pandis and Seinfeld (1989.
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In addition, duing the first 20 minutes the predicted agueous H2O> concentrations sgnificantly deaeese

from 7.0 x 16°5to 2.0x 105 M, from 5 x 105t0 1.7 x 18 M, and from 2.9 x 1065 to 2.7x 16 M under the
Rural, Urban and Heavily-pdluted condtions, respedively. In contrast, the predicted agueous H>O-
concentrations in Pandis and Seinfeld (1989 maintained at a level of (0.9-5) x 10° throughou the 2-hr
simulation. The difference in predicted agueous-phase HO> and H2O> concentrations causes a relatively
high conversion rate of S(1V) to S(VI) viaL105and sometimes an oppaite dfed of L75 undr our modeled
condtions. In addition to these differences, our simulation predicts a positive impad of HO>+O> (L7) on
S(IV), which is just the oppdasite to that of Pandis and Seinfeld (1989. The negative dfed is becaise this
reagion produces H2Oo, thus acceerates the oxidation d S(1V) to S(VI) viaL75, as interpreted by Pandis
and Seinfeld (1989. In ou cases, its negative dfed on S(1V) throughincreasing H2O2 is overridden by its
paositive dfed through ceaeasing HO» (via L105. Therefore, the net impad of the HO»>+O5 readionis a

higher S(1V) and alower S(V1).

4.2.2.2 Sensitivity to Gas-Aqueous Mass Transfer Coefficients

Equilibrium Constants. Table 12 shows the sensitivities of the predicted gas-phase Oz
concentrations with resped to Henry’s Law constants and dssociation equili brium constants under various
condtions. The dissolution d HO> (E10) is the dominant negatively-influential readion on O3 under al
conditions except for the Heavil y-padl uted condti ons under which the gas-phase HO2 has the lowest average
concentrations of 2 x 10 moleaules cm3 (i.e,, 8 x 104 pph). Other negatively-influential dissolution
equili bria include those of O3 (E17), HoO» (E11), HCHO (E12), and OH (E18). The Henry’s law constants
of NO2 (E13) and HCOOH (E5) have positive dfeds on gaseous O3 becaise these two equili bria tend to
increase (rather than deaease) gas-phase NO2 and HCOOH under cloudy condtions. Henry’s law constants
of HCHO (E12), NO»(E13), HCOOH (E5) and SO» (E3) beamme increasingy important as their gas-phase
concentrations beame higher. The dissociation d HO> (D2) plays a dominant role under al modeled
condtions, and the importance of the dissociation d H>SO3 (D10 and D11), HCHO (D9) and HCOOH
(D16) increases as their aqueous-phase ancentrations increase.

Mass Accommodation Coefficients.  The rates of heterogeneous uptake and chemicd
transformation d spedes in clouds are determined by the overall masstransfer processes consisting d gas-
phase diffusion, interfadal mass accommodation, effedive ajueous-phase solution and readion, and
aqueous-phase diffusion d dislved spedes away from the particle surface(Schwartz, 1986 Worsnopet a.,
1989. The masstransfer of a spedfic spedescan be wntrolled by any of the dowve processes, depending on
the relative importance of these processes. Under our modeled condtions, most spedes do nd experience
appredable masstransfer limitation. Some oxidants sich as OH, HO, and NO3 are limited bythe interfadal
mass transfer process due to high solubility and/or high agqueous-phase dfedive first-order readion rates.
However, the dfeds of changing individual massaccommodation coefficients, aj, on oweral predictions are
mostly negligible. Sensitivity analyses show that most gaseous gedes except for NO3, NoOs, HNO3, H,0,
and CH30O0H are nat sensitive to changes in aj, with sensitivities lessthan 1.0 x 16*. Thisisin consistence
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with the findings of other reseachers (Schwartz, 1986 Pandis and Seinfeld, 1989. The partitioning o

CH300H, H,O, and N»Os between gas and aqueous-phase is appredably affeded by their own q;,
reagnzing that the uncertainty fadors in the measured a; vary from 2-3 (DeMore & a., 1994. Their
concentrations can deaease by 5%, 9% and 3%% when doubing their own a;, respedively. The dfeds of
0 on aqueous edes are just the oppasite to thase on correspondngly gases. For example, as an result of
higher a of OH, HO,, HNO», the aqueous-phase OH, HO,, H,0,, C,03, CH30,, and CH3COOH increese
due to acceerated masstransfer from the gas to the ajueous-phase. None of these changes, however, has an
appredable influence on gaseous PAN, O3 and indicaors invalving NO, and O3 such as NOy and O3/NO,.
It is noted that, however, changes in a; can appredably affed indicaors that invave H,O,, HNO3; and
HCHO, such as HyOo/HNOz, HyOo/HCHO, Hy0,/NOy, HCHO/HNO3, HCHO/NOy and Os/HNOs, with
sensitivities on the order of 1.0 x 102. For example, doubing apnoz under al paluted condtions can
increase HoO,/HNO3 by ~8.8%. Thisisbecaise both HoO, and HNO;3 are relatively sensitive to q;.

4.2.2.3 Sensitivity to Other Model Parameters

Sengitivities of major gaseous edes and indicaors to ather model parameters such as temperature,
R.H., cloud doplet size and liquid water (V) are shown in Table 13. Temperature is the predominant

parameter affeding overall model predictions under al condtions. A higher temperature caises increasesin
SOy, HNO3, H2S04, OH, HOp, PAN, Og, total nitrate (TNOs?) and ceaeases in total sulfate (TSO42).
While an increase in temperature tends to increase the gas and aqueous-phase source and sink readion rates
of preaursors, it deaeases their soluhiliti es in the aqueous-phase, thus reduces the rate of masstransfer from
the gas-phase to aqueous-phase. Gas-phase @ncentrations of most spedes increase & a result of a net

increase in their gaseous production rates and/or a deaease in their soluhiliti es in the ajueous-phase. The
lower TSO42- isdueto an increase in the sink of its preaursorsin the gas and/or aqueous-phase.

Either V. or R.H. could be the secondimportant parameter, depending onspedes and their dominant
pathways. For spedes whaose gas-phase readions are dominant such as NOy, PAN, ISOP, and OH, the dfed
of R.H. is more important. A higher R.H. produces higher water vapor and OH thus lower NO, and | SOP.
For spedes undergoing significant aqueous-phase readions sich as SO,, HCHO, HO», H20», O3 and spedes
strongy depending on aqueous-phase dhemistry such as TSO42- and TNOs3-, V. is foundto be the second
important parameter. Anincrease in V. gredly increases the gas to agueous-phase masstransfer and the pH
of the solution, thus aff eds many important spedes. Asaresult of a higher V., agueous-phase HNOg3, PAN,
SO, H2S04, OH, HO, HCHO and O3 rapidly increese, lowering their correspondng ps-phase
concentrations. Althoughthe total amount of sulfate and ntrate dso increases, their total concentrations
(TNO3 and TSO42) deaease due to higher dilution. In addition, a higher V. results in higher NOy under
most condtions via lowering their oxidation rates by OH, HO», and O3. These results are consistent with
those of Pandis and Seinfeld (1989.

The doud doplet size has an effed comparable to those of V. and R.H. for most speaes under the

Remote, Marine aad Rura condtions, it becmes the least important parameter under the Urban and
Heavily-pdluted condtions. A larger droplet radius has an oppaite dfed to that of a higher V, i.e,
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deaeasing the gas to aqueous-phase mass transfer rate. As a result, there remains higher gas-phase

concentrations for most spedes under most condtions. However, gas-phase concentrations of some spedes
such as NOy, PAN, SO5, OH, HO, ISOP and O3 can adually deaease under certain condtions. Thisis
becaise there ae net increases in the rates of their sinks despite of the deaeasing masstransfer rate from the
gas to agueous-phase.

The impad of solar radiation, HoO or temperature on indicator correlations has not been explored
(Sllman, 1995. In ou study, verious indicaors are dso found to be highly sensitive to changes in
temperature and moderately sensitive to changes in V;, R.H., and cloud doplet size An increase in
temperature or R.H. tends to increase HoO2/HNO3, but deaeases both NOy and O3/NO, uncer all palluted
condtions. While an increase in V; dways increases these indicaors, cloud doplet size dfeds them in a
variety of ways, depending onthe preexisting gas-phase mncentrations. Comparison d Table 13 with Table

9 shows that some spedes and indicaors show oppasite sensitivities to temperature in the presence of
clouds. For example, an increase in temperature results in a lower SO2 under all clea air condtions, bu a

higher SO, under various cloudy condtions, implying a significant role of sulfur aqueous-phase chemistry
on gas-phase SO,. Temperature has a pasitive impad on NOy and a negative dfed on H2O2/HNO3 under
clea ar condtions. However, its effed becomes the oppasite under cloudy condtions. Further study is
needed to fully understand the role of temperature in the mixed-phase cdhemistry.

4.2.3 Aerosol Surface Chemistry
4.2.3.1 Sensitivity to Individual Species Uptake Coefficients

The overall heterogeneous lossrates on agosols grondy depend onindividual uptake cefficients, v;.
Unlike the sengitivities to aj under cloudy condtions, the predicted sensitivities of various fedes
concentrations to v; in the presence of agosols are higher by 1-3 orders of magnitude. For those spedes that
are aumed to be diredly scavenged to the a@osol surface their concentrations are dways anti-correlated
with their own y; because higher y; deplete more gases onto the surface For example, an increase in yo3
always deaeases gas-phase O3. Readive spedes are dso foundto be dfeded by surfaceuptake of other
spedes. The most influential agosol surface readions to owverall model predictions include uptake of
HCHO, O3, HO2, HNOy, HNO3, NO, NO», NO3, N2Os, PAN, OH, H>05, SOy, CH302, CH30OOH and
CH3COOH.

Table 14 shows the sensitivities of various gedes including readive nitrogen, odd hydogen and
readive hydrocarbonto y; of the most influential spedes (with Sk >1.0 x 10-4) under the Heavil y-pall uted
agosol condtions. For readive nitrogen spedes, the most influential y; are thase of HCHO, O3, NO2 , and
N2Os in addition to their own yi. An increase of any o these y; either increases or deaeases predicted
gaseous gedes concentrations depending on its effeds on the formation and destruction rates of these
spedes. For example, an increase in YycHo OF Yoz can reduce dl readive nitrogen spedes except for NO.
This can be interpreted by the dominant readions of these spedes. The dominant sinks for NO are O3+NO
(G3), C203+NO (G46) and HO2+NO (G28) under this condtion. An increase in y; of O3 and HCHO can
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cause lower gaseous O3 and HCHO, respedively. Since phaolysis of HCHO (G38) is the dominant source

of HOy, lessHCHO resultsin lessHO» in the gas-phase. As the result of lower O3 and HOy, the rates of G3
and G28 are lower, which resultsin ahigher NO. On the @ntrary, G3, G28 and G38 ad as urces for NOo,
NOg3, and N2Os. Lower gaseous O3 and HCHO always cause lower formation rates of these spedes. For
HNO3 and PAN, alower HCHO reduces the rate of G38, a dominant positively-influential readion on bah,
thus leals to lower HNO3 and PAN produwction. A lower O3 causes lower OH and CoO3 radicds, thus
causes lower HNO3 and PAN production through deaeasing the rates of their sources OH+NO» (G26) and
C203+NO2 (G47), respedively. Other spedes that have gpredable impads on predicted NOy, spedes
concentrations when changing their y; include NO, HNOg3, HO», and PAN.

For odd hydogen spedes, the most important spedes are HCHO, Oz, HNO2, NO, NOy, HO», H2O»
and CH300H. y; of NO, NOy, N2Os, HNO3 and SO, always have positive dfeds on their concentrations
because the readions of NOy and SO with ROy (e.g., G22, G26, G28, G29,G47, G115 are major sinks for
OH. Higher uptake rates for NOx and SO result in lower rates of these sinks thus higher R,Oy spedes.
Uptake of N2Os and HNO3 on aerosol provides additiona sinks for NOy and indiredly affeds ROy spedes.
Lowering the rates of sources (e.g., G9-11, G38, G23, G32, G33, G48, and G118, onthe other hand, O3,
HCHO, HNO2, HO2, PAN, and CH30, always have negative dfeds on ROy spedes.

The ROG spedes assumed to be diredly taken by aegosol surfaces include HCHO, HCOOH,
CH3COOH, CH307, CH30H, CH300H, and CH3COOOH Concentrations of all ROG spedes are foundto
be nat only diredly affeded by upake of these spedes but also indiredly affeded by upake of other spedes
such as HNO», HO», O3, NO, NO», SO», HoO», and PAN. Increases in the y; of HCHO, HNOy, HO», O3,
and H>O» dways deaease HCHO, ALD», CRES, OPEN, HCOOH, CH3COOH and CH30OH but increase
concentrations of other readive ROG such as PAR, OLE, ETH, TOL, XYL and ISOP. Amongall i nfluential
spedes, HCHO is the predominant one, with its effeds 1-2 orders of magnitude higher than athers. The
effed of the lower gaseous HCHO due to a faster dired surfaceuptake on aher spedes depends on their
predominant readions. For PAR, OLE, ETH, TOL, XYL and ISOP, their read¢ions with OH are the

predominant pathway. In addition, phaolysis of HCHO (G38) has a negative dfed on these spedes, more
HCHO uptake reduces rate of G38 thus lowers OH and HO», resulting in a lower rate of sink via OH thus

higher hydrocarbors in the gas-phase. For ALD,, CRES, OPEN, HCOOH, CH3COOH and CH30H, G38
has a positive influence  While the lower rate of G38 results in the lower HO2 and OH, which tends to
increase their concentrations throughreduction o their depletion rates by OH (e.g., G43, G66, G70), it also
reduces the formation rates of these spedes such as CH3COOH through reducing aganic radicas. In
addition, lower OH and HO» also deaease the formation rate of ALD»> through caeasing the rates of
hydrocarbon interconversion readions sich as OLE, PAR and ETH converted to ALD» throughG57, G58,
G52, and G61. As a net result of this competition, the latter effed is predominant, i.e., lowering ALD»>,
CRES, OPEN, HCOOH, CH3COOH and CH30H when increasing YHcHo-

Table 15(a@) shows the sensitivity of O3 to y; of the most influential spedes under various agosol
condtions. The predicted O3 becmes more sensitive to changes in y; when the pre-existing atmospheric
condtions beaome more palluted (i.e., more aeosol surface aailable). For example, doubing yncHo and
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Yoz has amost no effed on O3 under the Remote cndtions, bu it deaeases O3 by 6.3%6 and 10.46 under

the Heavily-pdluted condtions, respedively. Although the mechanism remains unclea, the dired
destruction d O3 on agosols is foundto be adominant surfacereadion undx all modeled condtions.
Stephens et a. (19869 foundthat the uptake of O3 most likely occurs on carboraceous or soot particles on
which the alsorbed oxygen atom, which is produced from colli sion d O3 with carbonaegosols, can combine
with another adsorbed oxygen atom to form Oo. In addition, ore or two oxygen atoms may combine with a
cabon atom to produce CO or COo. They further determined that yoz on caboraceous surfaces may be
initialy high bu deaeases more than afador of 10 after repeded expaosure resulting in an average Yoz of 7 X
104, due probably to a saturation d surfacesites by oxygenated groups. Fendel et al. (1995 also foundthat
submicron carbon @ iron agosols can destroy O3 efficiently, with ayps of 4 x 104, In this gudy, ayoz of 1
X 104 was used, which is the lower limit in laboratory measurements. The predicted deaeases in O3
concentrations due to 29 agosol surfaceuptake readions are 3%, 12.4%6 and 26.8% under the Rural, Urban

and Heavily-pall uted condtions, respedively, of which 18.26, 37.0% and 39.% are foundto be caised by
the dired O3 destruction onaeosols, respedively. The rest of O3 deaease is caused by the deaease in O3

preaursors sich as NOy, HO2 and HCHO. Anincreaseiny; of these spedes also deaeases O3 becaise these
surfaceuptake can significantly reduce the rates of Oz-producing readions (e.g., G1, G28, G38, G57, G61,
and G69). On the contrary, higher yno and ysop tend to slightly increase O3 because their surfacereadions
compete with their correspondng ges-phase readions and deaease the rates of the gaseous readions that
contribute to O3 destruction (e.g., G3, G22, and G115). As aresult of all agosol surfaceuptake, the O3
formation rate deaeases from 2.2to 1.6 ppb h, from 9.07to 4.0ppb h-1, from 5.88to 3.55 ppb hl uncer
the Rural, Urban and Heavily-pdluted condtions, respedively, as compared to the crrespondng clea air
conditions.

Since some readive NOy spedes sich as N2Os and HNO3 and RxOy spedes such as H2O2 and
CH3OO0H are highly sensitive to changesin y;, the indicators invalving these spedes are expeded to respond
to these changes. While NOy is much less ensitive with most sensitivities less than 1.0 x 165, the
sengitivities of O3/NO,; and H2Oo/HNO3 are 1-2 orders of magnitude higher, as shown in Table 15 (b)
through(d). O3/NO; is ®nsitive to ugake of HNO3, HO2, HoO2, HCHO, NO2, PAN and O3. Similar to the
effed on Oz, an increase in Yoz dways causes adeaease in O3/NO,. Higher uptake rates of NO2 and N2Og
can either increase (i.e., Rura and Urban) or deaease (i.e., Heavily-padluted) O3/NO;, depending ontheir
combined effeds on O3 and NO,. The impads of HCHO, HNO», HO2, H2O», CH305, NO, and SO> on
O3/NO,, however, are just the oppasite & compared to thase on O3. In addition, O3/NO, bemmes snsitive
to changes in yynos and yean, Which have little dfed on O3 formation. Since G38 is the dominant
pasitively-influential readion for bath NO; and O3, a deaease in gaseous HCHO concentration reduces the
phaolytic rate of HCHO, thus deaeases NO; and O3. Similarly, deaeases in H>O2, CH302 and HO» tend
to deaease OH and O3 concentrations. But they also deaease NO, concentrations by reducing the formation
rates of NO3z, N2Os, HNO3 and PAN throughreadions with OH. Therefore, the net effed of deaeases in
HCHO, HO,, Ho0O2 and CH302 is an increase in O3/NO,. The resporses of HoO2/HNO3 are even more
significant because both H>O2 and HNOg3 are highly sensitive to changes in their own y;. While an increase
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in Yy202 gredly deaeases gaseous HO» thus reduces the indicaor, an increase in yyno3 deaeases gaseous

HNOg3 thus causes an increase in the indicaor. In addition, this indicator is also sensitive to upake of
HCHO, HO2, O3, NOy, N2Os, HNO», and SO».

4.2.3.2 Sensitivity to Temperature and Relative Humidity

Sensiti vities of most gaseous gedes to temperature and R.H. unckr various agosol condtions are
similar to thase under the @rrespondng clea air condtions shown in Table 9, with dlightly higher values.
Compared to clea air condtions, however, significant changes in bah the magnitudes and the signs are
foundin sensitivities of NOy and H2O2/HNOs. In particular, a higher temperature caises adeaease in NOy
under al poluted condtions and an increase in HoO2/HNO3 under the Heavily-pdluted condtions. A
higher R.H. causes a higher HoO2/HNO3 under the Urban and Heavily-palluted condtions. These ae just
the oppasite to those under the dea air condtions. These thanges are similar to those under cloudy
condtions (see Table 13), indicaing that heterogeneous uptake of H2O2 and NOy spedes are important to

their sensitivities, espedally under condtions with large aeosol surfaces.

4.2.4 Effect of Heter ogeneous Chemistry on Gas-Phase Chemistry
4.2.4.1 Effect of Clouds and Aerosols on Osz-Precursor Relations

Gas-Phase Reaction Rate Constants. Heterogeneous chemistry alters the sensitivities of Ogz to
various gas-phase readions throughchanging their amplitudes and the signs. Figure 4 shows the cmparison
of the sengitivities of O3 to gas-phase readion rate @nstants in the dsence and presence of clouds and
agosols under the Remote and Heavily-pdluted condtions after a 2-hr simulation. Under the Remote
conditions, cloud chemistry is the dominant process and causes sgnificant changes in sensitivities to gas-
phase readions, whereas the thanges in sensitivities are mainly caused by agosol surfacereadions under the
Heavily-padlluted condtions. The sensitivities are generally smaller under the doudy and agosol condtions
than those under clea air condtions, rationalizing a lower total gas-phase oxidizing cgpadty due to
additional sinks for many O3 preaursors provided by clouds and agosols. For example, the sensiti viti es of
readions of DMS, DM SO and CH3SO2H with OH (G82, G89, and G97, respedively) radicds are much
lower under the doudy and aeosol condtions becaise of lower OH levels. The dfed of the gas-phase
read¢ion CO+OH (G36) on O3 formation has not only a different magnitude but also an oppaite sign unaer
the Remote doudy condtions relative to the dea air condtions. It becomes negative under the doudy
condtions. This is because that HO» produced by G36 is not converted to OH via G28 undr cloudy
condtions, instea, it dislves into cloud doplets, which increases the ajueous-phase cncentration o O,
thus geeds up theimportant aqueous-phase sink of Oz throughits readions with Oy (L13).

Os-Precursor Relations. The presence of clouds and agosols not only changes concentrations of O3

and its preaursors, bu also their relations provided that heterogeneous chemistry plays a significant role in
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determining their massbudget. Figure 5 shows the mmparison d the sensitivities of O3 to spedes initid

concentrations with and withou clouds and aerosols under various pall uted conditions after 2-hr simulation.
O3 increases with an increase in NO in the presence of both clouds and aeosols under al condtions andin
the presence of eat alone under some @ndtions, which is just the oppasite to that in clea air condtions.
Under clea air condtions, the formation d HNO3 (G26) and PAN (G47) through oxdation d NO2 by OH
and C>03 are predominant sink readions for NOy. An increase in NO> results in alower OH, thus a lower
O3. AlthoughOH dtill deaeases with increasing NO> (due to R26) in the presence of clouds and/or agosols,
the fate of OH is no longer the dominant fador of determining the dfed of NO, on Oz production. The
heterogeneous uptake and subsequent agueous-phase readions that affed NO» and the relative importance of
its gas-phase sinks via G26, G47, and G1 determine its correlation with Oz. When there ae sufficient
surface aeas, OH and Co03 are reduced due to lower levels of their preaursors sich as HoO,, HCHO and
ALD> and the direa surfaceuptake of OH. This reduction could be so significant (20-48%, see Table 5)
under some ondtions (i.e.,, undx the Rural and Urban cloudy condtion, unday the Urban and Heavily-
polluted agrosol condtions, and undr al paluted condtions with presence of both cloud and agrosols) that
G26 and G47 are no longer the mgjor sinks for NO». Instead, G1 becmes the overwhelming sink for NO»
and leals to O3 formation followed by G2. Thus, O3 formation increases with an increase in initial NO>»
under most cloudy and/or pre-existing agosol condtions. In additionto the diange in O3-NO> relations, O3
beames dightly more sensitive to NO under the Heavily-pall uted condtions and less ensitive to initial O3
and various ROG spedes sich HCHO and ALD> uncer al condtions. For example, for a douded HCHO,
the predicted O3 only increases by 15.46, 1.8% and 1.%% in air with clouds alone, agosols alone and bdh
clouds and agosols, respedively, as compared to 21.246 in clea air. Higher sensitivity of Oz toinitial NOis
due to adlightly higher sensitivity to the rate constant of NO+O3z (G3). O3 sengitivities to various ROG are
lower because the TOC is reduced and O3 sensitivities to most ROG readions such as G38 and G43 are

appredably lower, as shownin Figure 4.
4.2.4.2 Effect of Clouds and Aerosols on Sensitivity of I ndicators

Significant changes are foundin sensitivities of indicators to bah readion rate cnstants and spedes

initial concentrations due to the doud chemistry and aeosol surfaceuptake. Althoughthe sensitivities of
NOy to most gas-phase readions rate nstants are gredly increased in the presence of clouds and/or

agosols, their magnitudes are still smaller by 1-3 arders than thase of O3/NO; and H2O2/HNO3, indicaing
that NOy is relatively insensitive to readion rate cnstants. Figure 6 compares the sensitivities of O3/NO;
and HoO2/HNO3 to gas-phase readion rate @nstants with and withou clouds and aegosols under the
Heavily-pdluted condtions. O3/NO, beammes more sensitive to G9-G11, G43-G47, G58, G69, G74, and
G76, and less ensitiveto G1, G3, G38, G39, G52, and G57. The most significant change is that the impad
of the rate constant of NO>+OH (G26) on O3/NO, changes from negative to pasitive. Under clea air
condtions, HNO3 produced viathis readion remains in the gas-phase and largely increases the denominator,
NO,. Thus a higher rate constant of G26 adually deaeases the indicaor. When there ae sufficient cloud
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droplets and/or agosol particles, HNO3 can be quickly taken orto these surfaces as soonasit is produced in

the gas-phase. In the meaawhile, other NO, spedes sich as NO3, N2Os and PAN can undergo similar
uptake and subsequent aqueous-phase readions, therefore deaease gas-phase NO,. This deaease is larger
than the simultaneous deaease in O3 due to the surfaceuptake. As aresult, the indicaor increases with a
higher rate constant of G26. The sensitivities of HoO2/HNO3 to many readion rate mnstants in the presence
of clouds and agosols are significantly changed in bah magnitudes and signs because both HoO2 and HNO3
can be dfedively scavenged by clouds and agosols, and these surfaceuptake and agqueous-phase chemistry
bewme the predominant pathways for HoO2 and HNOz.

The dhanges in these sensitivities cause substantial changes in the sengitivities of the indicaors to
initia spedes concentrations, as shown in Figure 7. NOy becomes less ensitive to NO», but more sensitive
toinitia O3, NO, and ROG spedes such asHCHO, ALD», and OLE. O3/NO; becomes much more sensitive
to changesin NO2, ALD», OLE, TOL, XYL and ISOP and less ensitive to changes in O3, NO, HCHO, and
PAR. The dhangesin sensitivities of HoOo/HNO3 to various gedes are even more significant. HoO2/HNO3
beammes extremely sensitive (with Sk > 0.9 to initia NO, NOo, O3, and OLE and almost insensitive to
H20,. In addition, the impad of initial O3, HCHO, OLE, ETH, TOL, XYL and ISOP on H202/HNO3
changes from negative under clea air condtions to pasitive under cloud and/or aeosol condtions. Cloud
chemistry and agosol surfaceuptake caise significant changes in daminant readions of H>O,. H2O» is no
longer areservoir for OH and HO» (due to G34 and G35). Once produced, H2O, can be rapidly scavenged
into cloud doplets or onto agosol surfaces. In addition, dher odd hydogen spedes sich as OH and HO»
can also be dfedively removed by clouds and agrosols and undergo rapid aqueous-phase readions. As a
result, the gaseous HoO, and OH and HO» are substantially lower. While higher NO» increases HNO3 via
G26, it aso causes further deaeases in OH (due to G26), thus a lower HoO, and a subsequent significant
deaease in the indicator. The extremely high sensitivity to initial NO, NOo, and OLE was caused by the
much higher sensitivities to their correspondng readions (i.e., G26, G28, and G57) shown in Figure 6(b).
Similarly, the oppaite dfed of initia O3, HCHO, OLE, ETH, TOL, XYL and ISOP is due to the
correspondng changes in sensitivities to their dominant readions (i.e., G9-11, G38, G57, G58, G61, G63,
G69 and G76).

5. Conclusions

A mixed-phase themistry box model consisting of detailed gas- and aqueous-phase chemistry and a
simplified treament of agosol surface diemistry was used to study heterogeneous chemistry and its effed on
gas-phase dhemistry under a variety of atmospheric condtions. A subsequent comprehensive sensitivity
analysis was condwcted to evaluate the sensitivity of overall model predictions and identify the most
influential model parameters that affed O3 formation, Oz-preaursor relations and phdochemicd indicaorsin
the mixed-phase chemicd system. Theresults show that heterogeneous processes asociated with clouds and
agosols nat only reduce many gas-phase spedes concentrations and the total oxidizing cgpadty but alter Os-
preaursor relations. Deaeases in Oz and PAN concentrations can be up to 26 and 38%, respedively, with
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up to 100% deaease in their formation rates under typica atmospheric condtions. The magnitude of the

heterogeneous effeds is very sensitive to temperature, R.H., cloud water content and individual uptake
coefficients. The dfeds of clouds and agosols can be accéerated by a higher water content and higher
individual uptake cefficients, respedively. Temperature and R.H. can influence both cloud and aeosol

processsin avariety of ways.
The most influential gas-phase readionsto O3 formation undr the relatively clean condtionsinclude

the phaolytic readions of NOo, O3, HONO, H>0,, and HCHO; the conversion d NO to NO2 by HO», Og,
CH30,, CH3SCH200 and C,03; the generation and inter-conversion d@ OH, HO2 and RO» via readions
O(1D)+H20, O3+HOy, and readions of OH with CH4, O3, CO, DMSO, DMS, CH300H, HCHO, ALD>,
OLE, ETH and PAR; and the formation and/or dissciation d oxidants and adds such as CH30OH, HNOg,
H202, HNO4, CH3SO,, H2SO4, HONO, PAN, and CH3SCH200. The most influential gas-phase readions
under various palluted condtions are the phaolytic readions of NO», O3, HONO, H202, HCHO, ALD»,
OPEN, and MGLY; the conversion d NO to NO> by HOp, O3, C203 and TOy; the generation and inter-
conversion d OH, HO, and RO» throughreadions O(1D)+H>0, OLE+QO3, and readions of OH with CO,
CHy, ETH, ALD>, PAR, OLE, ISOP, TOL, HCHO, XYL, and MGLY; and the formation and dssciation d
HNO3, H2SO4, HNOg4, H2O2 and PAN.

Cloud chemistry is a dominant heterogeneous process in relatively clean and moderately padluted
amospheres. The most influential aqueous-phase readions to O3 formation undyx the relatively clean
condtions are oxygen-hydrogen readions of Oy~ with O3 and HO, HO>+HO2, Ho0O2+03, OH+H20o,
OH+HO,, phaolysis of H2Oo; sulfur reations HSO3-+H>0,, SO32+03, (1V)+HO, HSO3+03,
HOCH>SO3+OH; methane oxidation CH2(OH)+OH and CH302+0>"; caborate readions of CO3 with
H202 and Oy and HCO3+0O5; and nitrate readions NO3+Cl-. The most influential agqueous-phase readions
under various padluted condtions include oxygen-hydrogen readions of Oy~ with O3 and HO2, OH+HO»,
HO>+HOy; sulfur readions of HSO3- with H2O2, OH, SOs, NO2, and O3, readions of SO32- with O3, SOs
and HCHO, readions of S(1V) with HO» and O» (caayzed by Mn2+ and Fe3+), readions of SOs™ with SOs
and Oy, HOCH2SO3+0OH, and SO4+HCOO; nitrate readions NO3+HO2, NO2>+NO2 and phaolysis of
NOs3; methane oxidation CH2(OH)+OH and HCOO+OH; caborete readion HCO3+0O>. Among these,
the readions of Oy with dslved HO, and O3 are mainly resporsible for the deaease in O3 formation
under most cloudy condtions.

Aerosols can be more dfedive surfaces than clouds in pdluted aress when the total surface aeais
larger than 1000 um2 cm3. The aeosol surface temistry is very sensitive to the individual uptake
coefficients, which are subjed to large uncertainties. Among the 29 condensing spedes, the heterogeneous
uptake of Oz, HCHO, HO2, NOy, NO, N2Os, HNO2, HNO3, H2O5, SO, CH30,, PAN, CH300H and
CH3COOH are the most influential agosol surfacereadions. In particular, the significant deaease in O3
formation in the presence of agosols is mainly caused by the heterogeneous uptake of Oz, HCHO, HO»,
H202 and NO». Further laboratory and field studies are urgently nealed to predsely quantify this important
parameter and quantify the rates and product yields of these heterogeneous readions on agosols.

The Oz formation is also sensitive to a number of masstransfer coefficients and physicd parameters.
Under the relatively clean condtions, the Henry’s law constants of HO», Oz, H20», and HCHO; the
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disociation equili brium constants of HO, and HoSOg3; and the uptake wefficients of O3z, HoO2, and HO» are

the most important parameters in determining the masstransfer between the gas and the condensed-phases.
Under various pall uted condtions, the most influential parameters include the Henry’s law constants of HO»,
HCHO, O3, SO2, NO,, and HCOOH; the dissociation equili brium constants of HO», H>SO3, HCHO, and
HCOOH; and the uptake wefficients of O3, HCHO, HO2, NO>, NO, N2Os, HNO>, HNO3, PAN, H>05,
CH30,, CH300H, CH3COOH and SO,. Temperature, R.H., cloud water content and doplet size ca
largely affed O3 andits preaursorsin avariety of ways. Os formation is relatively insensitive to changesin
massacmmmodation coefficients of individual spedes under all modeled condtions.

Asaresult of changesin gas-phase mncentrations and the total oxidizing cgpadti es, the magnitude of

phaochemicd indicaors and their sensitivity to model parameters are dso largely affeded. Presence of
clouds andlor aeosols can increae Os/NO, and Os/HNO3, deaease NOy, HyO,/NOy, HCHO/NO,

(HNO3/H20,/(NO,/ROG), and affed Os/NOy and HoO-/HNOs in bah ways under al modeled conditions.
The indicaors NOy and O3/NOy are relatively insensitive to most model parameters, whereas indicaors
invalving HoO2, HNO3, HCHO and NO; are highly sensitive to changes in initial spedes concentrations,
readion rate constants, equili brium constants, uptake efficients, temperature, R.H., cloud doplet size ad
water content. While their most influential readions are similar to thase of Og, their relative impads may be
different bath in signs and amplitudes. Indicaors generally have higher sensitivities to ROG readions and
lower sengitivities to NOy readions under pall uted condtions than lesspal uted condtions, which coincides
with the nature of the indicators as goodmarkers for the O3-NOy-ROG sensitivity. In addition, sensitivities
of the indicaors to model parameters can be significantly changed when including cloud and aeosol
chemistry. Caution shoud be taken when applying the established threshold values of indicaors to
determine NOyx- or ROG-sensitive O3 in regions where large doud coverage and hgh agosol loading are
frequently observed.

Our results indicate that the dfed of agosols is smilar and comparable to that of clouds when the
agosol loading is large (e.g., in urban atmospheres). However, the predicted agosol effed is based onthe
asumption d anonreversible masstransfer between gas and agosol surfaces, which may nat always be the
case in the amosphere. Future work is neaded to refine aeosol treaments by acounting for gas-aeosol
equili bria, saturation and readions on various agosols. Our results also demonstrate aneed to further study
the role of heterogeneous chemistry in tropospheric chemistry through sensitivity analysis of a 3-D model.
In particular, their impads on O3 formation, Oz-preaursor relations and phdochemicd indicaors need to be
further studied in 3D models. Furthermore, we have only evaluated model resporses to changes in the
chemicd medhanism, and there ae many aher uncertain parameters in the “red” atmosphere such as
emisgon and meteorologicd condtions. Results from 3-D sensitivity studies will be extremely useful in
evaluating O3-NOy-ROG sensitivities and developing integrated control strategies for Oz and particulate
matters in norattainment regions.

Our work show that large-scde sensitivity analysis of complex computer models is feasible with
automatic differentiation todls, athoughthe fully automatic gpproac currently is quite compute-intensive.
Automatic differentiation is a tecdhndogy in its infancy, so further improvements in tods are expeded.
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However, exploitation d high-level program or algorithmic structure has been shown to have adramatic

impad on computational cost in certain application studies. Thus, as more experienceis gained in the use of
AD tods, we exped that synergy between improvements in AD todls and hghtlevel user understanding will
deaease the computational cost by orders of magnitude. With improved agosol treament and AD toadls, a
comprehensive 3-D sensitivity analysis will be possble and gealy enhance our understanding d mixed-
phase chemicd system and their impad on phdochemistry in the “red” atmosphere.
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Table 1. Chemicd spedesincluded inthe MaTChM.

No. Gas-phase spedes Representation No  Aqueousand agosol spedes
1 Nitric oxide NO 1 HNO3

2 Nitrogen doxide NO2 2 HNO2

3 Nitrogen trioxide (nitrate radicd) NO3 3 SO2

4 Dinitrogen pentoxide N205 4 H2S04

5 Nitrous add HONO 5 HCOOH
6 Nitric add HNO3 6 CH3COOH
7 Peroxynitric add (HO2NO2) PNA 7 CO2

8 Oxygen atom (singlet) O(1D) 8 MSA

9 Oxygen atom (triplet) O(3P) 9 NH3

10  Hydroxyl radicd OH 10 HO2

11 Ozone 03 11 H202

12 Hydroperoxy radicd HO2 12 HCHO

13 Hydrogen peroxide H202 13 NO2

14  Formaldehyde (CH2=0) HCHO 14 NO

15 Carbonmonoxde CO 15 NO3

16  Highmoleaular weight aldehydes (RCHO, R>H) ALD2 16 PAN

17" Peroxyagyl radicd (CH3C(0)0O) €203 17 o3

18  Peroxyagyl nitrate(CH3C(O)OONCR) PAN 18 OH

19  NO-to-NO2 operation X02 19 CH302
20  Paraffin carbon bond(C-C) PAR 20 CH3OH
21  Seoondary organic oxy radica ROR 21 DMS

22 NO-to-nitrate operation XO2N 22 DMSO
23  Oléfinic cabon bondC=C) OLE 23 DMSO2
24 Ethene(CH2=CH2) ETH 24  CH30OOH
25  Toluene(C6H5-CH3) TOL 25 CH3C(O)OCH
26  Cresol and hgher moleaular weight phenadls CRES 26 N205

27  Toluene-hydroxyl radica adduct TO2 27 NTR

28  Methylphenoxy radicd CRO 28 HCI

29  Highmoleaular weight aromatic oxidation ring fragment OPEN 29 Cl

30  Xylene(C6H4-(CH3)2) XYL

31 Methylglyoxa (CH3C(O)C(O)H) MGLY

32  Isoprene 1SOP

33 unknavn organic oxidation product of nitrogen spedes NTR No lonic spedes
34  Dimethyl sulfide, (CH3)2S DMS 1 coz

36  Methyl sulfonic radicd CH3S03 3 o4

37  Methane sulfonic agd (CH3SO3H) MSA 4 SO5

38  Dimethyl sulfoxide (CH3)2SO DMSO 5 HSO5"

39  Dimethyl sulfone (CH3)2S02 DMS02 6 CH2(OH)2
40  Methyl sulfonyl add CH3SO2H 7 H

41 Methyl sulfonyl peroxyl radica CH35(0)200 8 NH 4+

42  Dimethyl sulfide peroxyl radica CH3SCH200 9 Fe3t

43  Dimethyl sulfonyl peroxyl radicd CH35(0)2CH200 10 Fe(OH)2+
44 Sulfur dioxide SO2 11 Fe(OH) 2+
45  Sulfuric adgd H2S04 12 2t

46  Unkown oxidation product of sulfur spedes SULF 13 ou

47  Methane CH4 14 No3-

48  Ethane C2H6 15 Noz

49  Methyl peroxyl radicd CH302 16 Hsoz
50  Ethyl peroxy radica formed from alkane ETHP 17 go3=

51  Methyl peroxide CH300H 18 yso4
52  Acdic add CH3COOH 19  oog=

53  Formic add HCOOH 20 {eoz
54  Methand CH30H 21 coz=

55  Carbon doxide Cc0o2 22 o

56 Ammonia NH3 23 Hox

57  Hydrogen chloride HCI 24 jycoo
No Lumped gas-phase spedes 25 CH3COO
1 Nitrogen 0xides=NO+NO2 NOx 26 cH3s03"
2 Total readive nitrogen=NO+NO2+NO3+N205+HNO3+PAN+NTR NOy 27 clow

3 Total non-NOKx readive nitrogen=NOy-NOx NOz 28

4 0Odd hydogen=OH+HO2+CH302+ETHP+C203+ROR+T0O2+CRO RxOy 29

Cly”
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Table 2. Massacaommodation coefficients (o) and upgake cefficients (y) of spedesin the MaTChM.

No Spedes o Reference Y=0min Reference
1 HNO3 11E-1 Ponche € al., 1993 2.4E-3 Baldwin, 1982 seencte [€]
2 HNO2 3.0E-2 Bongartz @ a., 1994 5.0E-4 Kirchner et a., 199Q seencte [d]
3 S02 5.4E-2 Gardrer et a., 1987 2.4E-4 Judeikiset a., 1978
4 H2S04 2.0E-2 Dingenen and Raos, 1991 2.0E-4 seenate[c]
5 HCOOH 4.7E-2 Jayne ¢ a., 1991 4.7E-4 seenate [c]
6 CH3COOH 4.7E-2 seenate [a] 4.7E-4 seenate [a]
7 CO2 1.0E-4 seenate [b] 1.0E-6 seenate [c]
8 MSA 9.0E-2 DeBruynetal., 1994 9.0E-4 seenate [c]
9 NH3 9.7E-2 Ponche & al., 1993 9.7E-4 seenate [c]
10 HO2 2.0E-1 Mozurkewich et a., 1987 Kurylo et a.,1994 10E-1 Hansonet al., 1992 seenote [€]
11 H202 18E-1 Worsnopet a., 1989 7.8E-3 Baldwin, 1982 seencte [€]
12 HCHO 2.0E-2 Jayne d al., 1992 1.0E-3 Jayne @ al., 1992
13 NO2 6.3E-4 Lee ad Tang, 1988 3.3E-5 Baldwin, 1982 seencte [€]
14 NO 1.0E-5 Leu, 1988 1.0E-5 Baldwin, 1982 seencte [€]
15 NO3 1.0E-2 seenate [b] 1.0E-2 Thomaset a., 1989 seencte [€]
16 PAN 1.0E-3 Kirchrer et a., 1990 1.0E-4 Kirchner et a., 1990 seencte[d]
17 03 5.3E-4 TangandLeg 1987 1.0E-4 Fendel et al., 1995
18 OH 8.0E-2 Hansonet al., 1992 4.9E-3 Baldwin and Golden, 1980 seenate [€]
19 CH302 5.0E-2 Dentener, 1993 5.0E-3 Dentener, 1993 seencte [d]
20 CH30H 3.4E-2 Davidovitset al., 1993 3.4E-3 Davidovits et a., 1993 seenate [d]
21 DMS 7.4E-2 seenote [al 7.4E-3 seenote [a]
22 DMSO 7.4E-2 Davidovitset al., 1993 7.4E-3 Davidovits et a., 1993 seenate [d]
23 DMS02 7.9E-2 Davidovitset al., 1993 7.9E-3 Davidovitset al., 1993 seenate [d]
24 CH300H 2.9E-2 Davidovitset al., 1993 2.9E-4 Davidovits et a., 1993 seenate [c]
25 CH3COOOH 2.9E-2 seencte [a 2.9E-4 seencte [a
26 N205 10E-1 Morzurkewich and Calvert, 1988 10E-1 Morzurkewich and Calvert, 1988
27 NTR 1.0E-6 Baldwin and Golden, 198Q seencte [f] 1.0E-8 seenate [c]
28 HCI 1.4E-1 Van Doren et al., 1990 1.0E-2 Kirchrer et al., 1990
29 Cl 1.0E-4 Martin et a., 1980 3.0E-5 Martin et a., 1980
a asandysof DMS, CH3COOH and CH3COOOH are assumed to be the same & those of DMSO, HCOOH and CH30OOH, respedively.
b For spedes with missng a insufficient a and y measurement data and for which measurements of analogows compound do nd exist, the values of o are
asaumed to be 0.01 for soluble spedes, and LE-4 for less ®luble spedes, respedively.
c Yy isasaumed to be afador of 100lower than the correspondng a used in this work.
d Yy isasaumed to be afador of 10 lower than the crrespondng measured lower limit of a reported in the reference.
e Yy isasamed to be afador of 10 higher than the correspondng measured lower limit of y reported in the reference
f The massacamommodation coefficient of other nitrogen spedes (NTR) is assumed to be the same & that of atomic nitrogen in Baldwin and Golden, 1980




Table 3. Heterogeneous uptake of various gedes on the surfaceof agosolsin MaTChM.
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No Heterogeneous sirfaceuptake Overall heterogeneous lossrate, Kpi, S’
Remote Marine Rural Urban Heavily-poll uted

PL HNO3(g) — HNO3(p) 2.46E-6 5.19E-6 251E-5 2.08E-4 5.90E-4
P2. HNO5(g) - HNO>(p) 5.39E-7 1.14E-6 5.30E-6 4.38E-5 1.24E-4
P3. S0x(g) — HoSO3(p) 2.55E-7 5.39E-7 251E-6 2.07E-5 5.86E-5
P4. H2S04(g) — H2S04(p) 1L72E-7 3.63E-7 1.69E-6 1.39E-5 3.95E-5
P5. HCOOH(g) — HCOOH(p) 5.87E-7 1.24E-6 5.79E-6 4.78E-5 1.35E-4
P6. CH3COOH(g) — CH3COOH(p) 5.12E-7 1.08E-6 5.07E-6 4.19E-5 1.19E-4
P7. COx(g) — H2CO3(p) 1.29E-8 2.72E-8 1.26E-7 1.04E-6 2.95E-6
P8 MSA(g)  MSA(p) 7.71E-7 1.63E-6 7.66E-6 6.34E-5 1.79E-4
Po. NH3(g) - NH4OH(p) 1.92E-6 4.05E-6 1.95E-5 1.62E-4 4.59-4
P10. HO5(g) — HOo(p) 5.33E-5 1.16E-4 1.20E-3 1.08E-2 3.25E-2
P11 H202(g) ~ H202(p) 9.28E-6 197E-5 1.08E-4 9.12E-4 2.60E-3
P12, HCHO(g) — HCHO(p) 1.50E-6 3.17E-6 152E-5 1.26E-4 3.56E-4
P13, NO5(g) — NOo(p) 4.16E-8 8.77E-8 4.07E-7 3.36E-6 9.51E-6
P4 NO(g) - NO() 2.34E-8 4.94E-8 2.20E-7 1.89E-6 5.35E-6
P15 NO3(g) — NO3(p) 8.89E-6 1.88E-5 1.03E-4 8.67E-4 247E-3
P16, PAN(g) — PAN(p) 7.76E-8 1.64E-7 7.60E-7 6.28E-6 1.78E-5
P17. 03(g) — O3(p) 1.23E-7 2.60E-7 1.21E-6 9.97E-6 2.82E-5
P18, OH(g) - OH(p) 8.39E-6 1.78E-5 9.65E-5 8.11E-4 2.31E-3
P19, CH302(g) ~ CH302(p) 5.49E-6 1.16E-5 5.98E-5 5.00E-4 1.42E-3
P20. CH30H(g) — CH30H(p) 4.61E-6 9.74E-6 4.95E-5 4.13E-4 1.17E-3
P21 DMS(g) - DMS(p) 6.86E-6 L45E-5 7.68E-5 6.43E-4 1.83E-3
P22, DMSO(g) — DMSO(p) 6.21E-6 1.31E-5 6.86E-5 5.74E-4 1.63E-3
P23, DMS02(g) -~ DMSO2(p) 6.06E-6 1.28E-5 6.68E-5 5.58E-4 1.59E-3
P24, CH300H(g) ~ CH300H(p) 3.55E-7 7.49E-7 3.50E-6 2.89E-5 8.18E-5
P25, CH3C(0)OOH(g) — CH3C(0)OOH(p) 2.83E-7 5.96E-7 2.78E-6 2.30E-5 6.50E-5
P26. N2Os5(g) — 2HNO3(p) 3.87E-5 8.34E-5 7.07E-4 6.23E-3 1.83E-2
P27. NTR(g) - NTR(p) 1.62E-10 3.41E-10 1.58E-9 1.31E-8 3.69E-8
P28, HCI(g) — HCI(p) 117E-5 2.48E-5 1.35E-4 1.13E-3 3.22E-3
P29, Cl(g) - Cl(p) 4.30E-8 9.08E-8 4.21E-7 3.48E-6 9.84E-6

Real 2.46E-6 as2.46 x 166.




Table 4. Initial atmospheric condtionsin the model simulations.

(a) Gas and aqueous-phase mncentrations (in ppband M, respedively)

Spedes Remote Marine Rural Urban Heavily-poll uted
03 200 300 400 600 800
H202 10 10 10 10 10
NO 75 x 102 75 x 101 15 100 1000
NO2 25 x 102 25 x 101 05 10 100
S02 06 06 20 5.0 100
DMS 40 x 102 40 x 102 0.0 0.0 0.0
HCHO 0.2 18 02 83 275
ALD2 0.0 0.0 8.3 x 102 117 390
C2H6 0.0 19 158 908 303
PAR 0.0 31 98 1779 5931
OLE 0.0 56 x 101 03 132 440
ETH 0.0 19x 101 06 116 385
TOL 0.0 36 x 102 53 x 101 6.0 199
XYL 0.0 0.0 75 x 102 32 105
ISOP 0.0 0.0 24 x 101 05 20
co 80.0 1000 1200 1500 3000
CH4 17 x 103 17 x 103 1.6 x 103 17 x 103 17 x 103
co2 34 x10° 34 x10° 34 x10° 34 x10° 34 x10°
NH3 01 05 05 05 05
HCl 05 05 01 0.0 0.0
Fe(lin(1) 40x107 40x107 40x107 40x107 40x107
Mn(i(1) 20x107 20x107 20x107 20x107 20x107
(b) Cloud, agosol and physicd parameters
Model parameters Remote Marine Rural Urban Heavil y-poll uted
Cloud
droplet radius (um) 10 10 10 10 10
volumetric water content 40x 107 40x 107 40x 107 40x 107 40x 107
Aerosol®
number (cm) 126 x 16 34 x 107 6.65 x 10° 1.06 x 1 212 x 16
mode 1 radius (um) 5.00 x 103 5.00 x 103 7.39 x 103 7.00 x 103 6.50 x 103
Logo 0.204 0204 0225 0255 0241
number (cm™3) 225x 1 6.00 x 1t 147 x 16 3.20 x 1¢* 3.70 x 1t
mode 2 radius (um) 3.55 x 102 3.55 x 102 2.69 x 102 270 x 102 3.1 x 102
Logo 0.301 Q301 Q557 0334 0297
number (cm™3) 150 x 1@ 310x 1@ 1.99 x 16 54 x 1P 49x 1P
mode 3 radius (um) 310x 102 310x 102 419 x 102 43x10% 54 x 101
Logo 0431 0431 0266 0344 0328
number (cm™3) 1.50 x 16 403 x 1% 8.78 x 16° 138 x 18 215x 16
tota  surface(um? cm3) 1.39 x 16+ 293x1d 1.36 x 1¢ 113 x 16 327 x 163
volume(pm3cm3) 156 x 16+ 323x1d 228 x 1d 6.85 x 1t 8.95 x 1t
Temperature (K) 280 280 280 280 280
Relative humidity% 80 80 80 80 80

40

§ Aerosol distributions for heavily pdluted, urban and marine @ndtions are based onthose of the urban and freeway, urban average, and
marine surfacebadkgroundcondtions described in Whitby, 1978 Aerosol distribution for rural condtionisfrom Jaenicke, 1993 Aerosol
distribution for remote marine condtionisasaumed to have the same geometric number mean dameter and geometric standard deviation as
thaose of the marine condtion, with the number concentration data for remote oceans from Fitzerald, 1991
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Table5. X-hr average concentrations (pph) of gas-phase spedes, total sulfate (TS04™) and total nitrate (TNO3") in all phases under various
condtions. Thevauesin parenthesesindicate the percent changesin presenceof clouds and/or agosolsrelative to gas only conditions.

Remote
Gas 3.79E-2 4.26E-2 1.66E-2 -- 5.82E-1 2.19E-2 2.63E-1 -- 1.484E-4 1.09E-2 1.03E+0 2.05E+1 2.19E-2 1.66E-2
Cloud 498E-2 4.16E-2 8.93E-6 -- 1.24E-2 2.88E-6 11361 -- 8.83E-5 2.22E-3 1.04E-1 2.00E+1 5.90E-1 7.72E-3
(315) (-2.3) (-99.9) (-97.9) (-100.0) (-57.0) (-54.5) (-79.6) (-89.9) (-2.4) (26719) (-53.6)
Aerosol 3.80E-2 4.26E-2 1.64E-2 -- 5.82E-1 2.18E-2 2.61E-1 -- 1.93E-46 1.08E-3 9.81E-1 2.05E+1 2.30E-2 1.65E-2
0.3 (-0.1) (-1.1) (-0.1) (-0.5) (-0.6) (-0.7) (-1.1) (-4.8) (-0.1) (4.9 (-0.4)
Cloud+ 4.98E-2 4.16E-2 8.91E-6 -- 1.25E-2 2.87E-6 11261 -- 8.83E-5 2.22E-3 1.03E-1 2.00E+1 5.90E-1 7.74E-3
Aerosol (31.4) (-2.3) (-99.9) (-97.9) (-100.0) (-57.2) (-54.6) (-79.7) (-90.0) (-2.4) (26720) (-53.6)
Marine
Gas 1.99E-1 3.14E-1 2.87E-1 1.58E-1 5.67E-1 4.08E-2 1.39E+0 -- 3.54E-4 1.11E-2 9.73E-1 3.37E+1 4.08E-2 2.87E-1
Cloud 353E-1 4.37E-1 1.73E-4 4.40E-2 5.87E-3 3.28E-6 1.04E+0 -- 1.63E-4 2.73E-3 1.42E-1 3.10E+1 5.96E-1 147E-1
(80.3) (40.7) (-99.9) (-72.7) (-99.0) (-100.0) (-25.3) (-53.7) (-75.2) (-85.4) (-7.7) (14011) (-49.1)
Aerosol 2.01E-1 3.15E-1 2.81E-1 1.56E-1 5.66E-1 4.04E-2 1.37E+0 -- 3.50E-4 1.08E-2 8.77E-1 3.36E+1 4.29E-2 2.86E-1
1.2 (0.9) (-2.1) (-1.2) (-0.3) (-1.1) (-1.3) (-1.0) (-2.4) (-9.8) (-0.2) (5.1 (-0.5)
Cloud+ 3.53E-1 4.37E-1 1.73E-4 4.38E-2 5.99E-3 3.19E-6 1.02 -- 1.63E-4 2.71E-3 1.40E-1 3.10E+1 5.96E-1 147E-1
Aerosol (80.4) (40.6) (-99.9) (-72.8) (-99.0) (-100.0) (-26.2) (-53.8) (-75.4) (-85.7) (-7.9) (14010) (-49.1)
Rural
Gas 453E-1 7.94E-1 4.23E-1 2.04E-1 1.91E-1 8.57E-2 8.55E-1 1.15E-2 2.91E-4 5.50E-3 9.2E-1 4.27E+1 8.57E-2 4.23E-1
Cloud 556E-1 8.98E-1 4.07E-4 1.40E-1 4.76E-1 5.29E-5 4.43E-1 2.81E-2 1.83E-4 2.63E-3 1.19E-2 4.13E+1 1.52E+0 3.18E-1
(235) (135) (-99.9) (-31.0) (-75.1) (-99.9) (-48.2) (1904) (-37.0) (-517) (-98.7) (-3.2) (17516) (-24.9)
Aerosol 4.73E-1 8.10E-1 3.75E-1 1.92E-1 1.89E+0 7.98E-2 7.98E-1 1.30E-2 2.66E-4 4.73E-3 5.16E-1 4.22E+1 1.19E-1 4.05E-1
(4.5) (2.1 (-11.0) (-5.7) (-1.1) (-6.8) (-6.6) (16.5) (-8.6) (-135) (-43.9) (-1.1) (39.1) (-4.2)
Cloud+ 5.61E-1 8.99E-1 3.98E-4 1.38E-1 4.84E-1 5.20E-5 4.23E-1 2.91E-2 1.79E-4 2.53E-3 1.10E-2 4.10E+1 1.52E+0 3.16E-1
Aerosol (24.7) (13.6) (-99.9) (-32.3) (-74.7) (-99.9) (-50.5) (2027) (-38.3) (-53.4) (-98.8) (-3.9) (17474) (-25.4)
Urban
Gas 1.82E+0 5.19E+0 9.91E-1 2.44E+0 4.93E+0 7.24E-2 1.04E+1 157E-1 9.15E-5 6.06E-3 9.56E-1 7.18E+1 7.24E-2 9.91E-1
Cloud 207E+0 5.52E+0 1.15E-3 1.98E+0 2.80E+0 152E-4 7.97E+0 1.88E-1 7.35E-5 4.17E-3 3.06E-3 6.82E+1 2.16E+0 9.84E-1
(14.7) (6.6) (-99.9) (-18.5) (-43.2) (-99.8) (-23.6) (20.8) (-19.7) (-30.4) (-99.7) (-5.0) (2977.7) (-0.7)
Aerosol 2.14E+0 5.44E+0 4.76E-1 1.91E+0 4.41E+0 5.35E-2 6.07E+0 1.90E-1 6.70E-5 3.58E-3 1.23E-2 6.50E+1 8.28E-1 9.55E-1
(19.2) (5.1 (-50.9) (-21.0) (-10.4) (-25.4) (-417) (22.6) (-26.7) (-40.1) (-98.7) (-9.3) (10516) (-3.3)
Cloud+ 2.29E+0 5.60E+0 9.53E-4 1.69E+0 2.61E+0 1.16E-4 5.13E+0 2.09E-1 6.06E-5 3.00E-3 1.94E-3 6.31E+1 251E-1 1.01E+0
Aerosol (27.6) (8.4) (-99.9) (-30.4) (-47.0) (-99.8) (-50.7) (35.7) (-33.9) (-49.7) (-99.9) (-12.0) (34722) (2.1)
Heavily-
Polluted
Gas 241E+1 7.51E+1 5.52E+0 4.02E+0 9.93E+1 6.99E-2 2.85E+1 1.04E+0 4.30E-5 8.63E-4 9.45E-1 8.35E+1 6.99E-2 5.52E+0
Cloud 247E+1 7.32E+1 7.46E-3 3.71E+0 8.17E+1 3.87E-4 2.39E+1 1.08E+0 3.99E-5 7.75E-4 3.25E-5 7.97E+1 1.73E+0 7.37E+0
(2.3) (-2.5) (-99.9) (-7.6) (-17.7) (-99.4) (-16.2) (4.0) (-6.8) (-10.4) (-1000) (-4.6) (24633) (333)
Aerosol 2.78E+1 6.87E+1 1.01E+0 2.65E+0 7.24E+1 3.77E-2 6.73E+0 1.22E+0 2.53E-5 4.09E-4 2.0E-5 6.63E+1 4.00E+0 8.26E+0
(15.6) (-8.5) (-80.7) (-332) (-27.1) (-45.0) (-76.4) (18.1) (-40.9) (-52.4) (-1000) (-20.4) (56709) (510
Cloud+ 2.78E+1 6.84E+1 4.55E-3 2.68E+0 5.99E+1 2.05E-4 7.18E+0 1.22E+0 2.63E-5 4.22E-4 1.59E-5 6.60E+1 4.96E+0 9.85E+0
Aerosol (15.6) (-8.9) (-99.9) (-32.7) (-39.7) (-99.7) (-74.8) (17.8) (-38.7) (-50.8) (-1000) (-20.8) (71351) (79.8)




Table 6. Predicted phdochemicd indicaors under various pall uted atmospheric condtions and the dhangesin the presenceof cloudsand/or

agosolsrelative to the base value under clea air condtions at the end o the 2-hr simulation.
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Indicaors Scenarios Condtions
Rural Urban Heavily-poll uted
Indicator value Relative dange Indicator value Relative dange Indicator value Relative change
NOy Gas 2.00E+0 110E+1 1.10E+2
Cloud 159E+0 -2.05E-1 9.71E+0 -1.17E-1 9.99E+1 -9.18E-2
Aerosol 1.95E+0 -2.50E-2 101E+1 -8.18E-2 9.78E+1 -1.11E-1
Cloud+Aerosol 1.59E+0 -2.05E-1 9.63E+0 -1.25E-1 9.64E+1 -1.24E-1
03/NOy Gas 2.19E+1 7.05E+0 831E-1
Cloud 264E+1 2.06E-1 7.49E+0 6.24E-2 8.64E-1 397E-2
Aerosol 2.21E+1 9.10E-3 6.72E+0 -4.68E-2 6.86E-1 -1.75E-1
Cloud+Aerosol 2.61E+1 192E-1 6.81E+0 -3.40E-2 6.94E-1 -1.65E-1
03/NO, Gas 4.62E+1 LATE+L 6.48E+0
Cloud 152E+2 2.29E+0 2.26E+1 5.37E-1 141E+1 118E+0
Aerosol 5.08E+1 9.96E-2 191E+1 299E-1 1.32E+1 1.04E+0
Cloud+Aerosol 1.53E+2 2.31E+0 2.45E+1 6.67E-1 160E+1 147E+0
O3/HNO3 Gas 8.01E+1 5.97E+1 122E+1
Cloud 118E+5 147E+3 6.99E+4 117E+3 115E+4 9.42E+2
Aerosol 9.11E+1 137E-1 1.29E+2 116E+0 6.92E+1 4.6 7TE+0
Cloud+Aerosol 1.20E+5 150E+3 7.67E+4 1.28E+3 159E+4 9.50E+3
H202/NOy Gas 4.50E-1 8.64E-2 8.45E-3
Cloud 806E-3 -9.82E-1 4.04E-4 -9.95E-1 3.23E-7 -1.00E+0
Aerosol 2.15E-1 -5.22E-1 4.16E-4 -9.95E-1 1.23E-7 -1.00E+0
Cloud+Aerosol 7.29E-3 -9.84E-1 2.29E-4 -9.97E-1 1.46E-7 -1.00E+0
HoO0/HNO3 Gas 1.64E+0 100E+0 124E-1
Cloud 362E+1 211E+1 3.77E+0 2.77E+0 4.31E-3 -9.65E-1
Aerosol 8.84E-1 -4.61E-1 8.00E-3 -9.92E-1 1.24E-5 -9.99E-1
Cloud+Aerosol 3.34E+1 1.94E+1 2.58E+0 1.58E+0 3.35E-3 -9.73E-1
HCHO/NOy Gas 4.64E-1 9.49%-1 2.62E-1
Cloud 303E-1 -3.47E-1 849E-1 -1.05E-1 244E-1 -6.87E-2
Aerosol 4.38E-1 -5.60E-2 547E-1 -4.24E-1 5.24E-2 -8.00E-1
Cloud+Aerosol 2.85E-1 -3.86E-1 4.96E-1 -4.77E-1 5.84E-2 -7.77E-1
(HNOg3/H20o)/ Gas 2.74E-1 1.18E-1 6.80E-2
(NOY/ROG) Cloud 223E-4 -9.99E-1 104E-4 -9.99E-1 7.50E-5 -9.99E-1
Aerosol 243E-1 -1.13E-1 5.20E-2 -5.59E-1 9.92E-3 -8.54E-1
Cloud+Aerosol 2.18E-4 -9.99E-1 8.87E-5 -9.99E-1 4.37E-5 -9.99E-1




Table 7. 1-hr average sensitivities of O3 with resped to gas-phase readion rate @mnstants under clea air
condtions.

Remote Marine Rura Urban Heavily-pall uted
Rank | Rxn.# S« Rxn. # S« Rxn. # S« Rxn. # Sk Rxn. # S«
1 G28 2.01E-2 Gl 6.03E-2 G11 4.67E-2 G38 1.20E-1 G3 -2.58E-1
2 Gl 1.86E-2 G3 -4.92E-2 G10 -4.67E-2 G43 -1.14E-1 Gl 2.77E-1
3 G3 -1.29E-2 G28 4.40E-2 G9 4.47E-2 Gl 110E-1 G38 1.85E-1
4 G116 6.44E-3 G26 -3.25E-2 Gl 4.13E-2 G3 -1.06E-1 G26 -1.75E-1
5 G117 4.38E-3 G1l1 2.26E-2 G26 -4.10E-2 G57 8.05E-2 G57 123E-1
6 G118 -4.05E-3 G10 -2.26E-2 G3 -3.87E-2 G26 -6.34E-2 G43 -8.70E-2
7 G26 -3.94E-3 G9 2.17E-2 G36 154E-2 G11 5.12E-2 G45 5.07E-2
8 G33 -3.33E-3 G38 2.10E-2 G116 1.50E-2 G10 -5.12E-2 G47 -4.11E-2
9 G32 -2.81E-3 G116 197E-2 G28 1.32E-2 G9 4.90E-2 G46 4.11E-2
10 G13 -2.62E-3 G36 1.46E-2 G38 1.04E-2 G47 -4.60E-2 G58 4.01E-2
11 G34 2.29E-3 G43 -9.41E-3 G61 8.65E-3 G46 4.60E-2 G61 3.93E-2
12 Gl2 -1.50E-3 G33 -8.24E-3 G34 8.48E-3 G61 3.31E-2 G69 3.79E-2
13 G36 1.33E-3 G32 -6.95E-3 G47 -7.96E-3 G45 2.99%-2 G52 3.38E-2
14 G38 1.12E-3 G47 -6.72E-3 G46 7.94E-3 G69 2.82E-2 G39 -2.74E-2
15 G29 -7.65E-4 G46 6.61E-3 G43 -6.15E-3 G28 2.35E-2 G1l1 2.61E-2
16 G30 7.48E-4 G117 6.29E-3 G52 6.14E-3 G52 2.23E-2 G10 -2.61E-2
17 G97 -5.59E-4 G34 6.03E-3 G74 5.21E-3 G58 2.08E-2 G9 2.49E-2
18 G89 -5.58E-4 G118 -5.64E-3 G57 3.72E-3 G74 1.74E-2 G74 1.71E-2
19 Gil1 5.36E-4 G37 4.84E-3 G76 3.52E-3 G39 -1.68E-2 G28 1.50E-2
20 G10 -5.36E-4 G39 -3.72E-3 G29 -3.20E-3 G29 -1.47E-2 G29 -1.46E-2
21 G85 3.70E-4 G29 -3.58E-3 G30 3.12E-3 G30 1.42E-2 G30 1.44E-2
22 G9 3.07E-4 G30 3.43E-3 G63 2.26E-3 G37 6.24E-3 G4 -1.42E-2
23 G122 -2.55E-4 G13 -3.04E-3 G37 2.05E-3 G34 6.14E-3 G63 111E-2
24 G22 -2.25E-4 G57 2.88E-3 G22 -1.99E-3 G63 5.54E-3 G76 9.99E-3
25 G23 1.88E-4 G61 2.55E-3 G69 1.90E-3 G36 4.17E-3 G2 8.87E-3
26 G39 -9.66E-5 G52 2.35E-3 G33 -1.85E-3 G76 4.16E-3 G37 8.84E-3
27 G82 9.60E-5 G22 -1.65E-3 G73 -1.84E-3 G116 3.14E-3 G65 -4.78E-3
28 G37 -8.24E-5 Gl2 -1.55E-3 G23 1.78E-3 G73 -2.89E-3 G64 4.78E-3
29 G86 -6.43E-5 G23 1.44E-3 G32 -1.56E-3 G64 2.31E-3 G7 -4.60E-3
30 G88 6.28E-5 G35 7.64E-4 G13 -1.51E-3 G65 -2.30E-3 G71 4.47E-3

Table 8. I-hr average sensitivities of odd hyaogen ROy with resped to gas-phase readion rate cnstants
under clea air condtions.

Remote Marine Rura Urban Heavily-poll uted

Rank | Rxn.# S« Rxn. # Sk Rxn. # S« Rxn. # S« Rxn. # S«
1 G9 3.65E-1 G9 5.16E-1 G11 1.03E+0 G38 8.42E-1 G38 7.17E-1
2 Gl1 3.52E-1 Gl1 5.05E-1 G10 -1.03E+0 G28 -5.80E-1 G28 -6.53E-1
3 G10 -3.52E-1 G10 -5.05E-1 G9 1.03E+0 G43 -5.69E-1 G26 -6.21E-1
4 G118 -1.80E-1 G38 2.90E-1 G28 -4.99E-1 Gl1 4.03E-1 G57 4.48E-1
5 G33 -1.62E-1 G116 172E-1 G26 -4.27E-1 G10 -4.03E-1 G43 -3.21E-1
6 G116 1.49E-1 G33 -1.61E-1 G116 2.54E-1 G9 4.02E-1 G117 -2.54E-1
7 G32 -1.37E-1 G32 -1.36E-1 G38 2.46E-1 G57 3.60E-1 G58 2.34E-1
8 G34 1.28E-1 G117 -1.09E-1 G36 2.02E-1 Gl -3.20E-1 G3 2.34E-1
9 G117 -1.22E-1 G34 1.06E-1 G34 163E-1 G3 2.88E-1 Gl -2.28E-1
10 G28 8.71E-2 G118 -9.78E-2 Gl -1.61E-1 G26 -2.77E-1 G45 2.09E-1
11 G36 -6.94E-2 G37 -8.74E-2 G3 141E-1 G117 -2.48E-1 G69 172E-1
12 G38 5.26E-2 G39 -6.87E-2 G117 -1.38E-1 G47 -2.45E-1 G39 -1.65E-1
13 G37 -1.95E-2 G26 -6.81E-2 G74 11261 G69 2.26E-1 G47 -1.57E-1
14 Gl -1.50E-2 G47 -5.06E-2 G47 -1.06E-1 G46 2.24E-1 G46 142E-1
15 G35 -1.26E-2 G36 4.16E-2 G46 9.31E-2 G45 2.10E-1 G9 123E-1
16 G26 -1.25E-2 G28 -4.06E-2 G61 9.13E-2 G58 1.79E-1 G61 1.21E-1
17 G3 1.03E-2 G46 3.73E-2 G43 -8.30E-2 G74 1.72E-1 Gl1 121E-1




Table 9. I-hr average sensitivities of gas-phase spedes and phdochemicd indicaors with resped to
temperature (Temp.) and relative humidity (R.H.) under various clea air condtions.

Spedesor Model parameters Atmospheric condtions

indicaors Remote Marine Rural Urban Heavil y-poll uted
NO2 Temp. 2.37E+0 -1.81E+0 -4.94E+0 -2.65E+0 9.79%-1
R.H. -3.96E-2 -2.10E-1 -3.22E-1 -1.34E-1 -7.40E-2
SO2 Temp. -1.47E-1 -3.33E-1 -71.44E-1 -1.50E-1 -4.97E-2
R.H. -9.02E-3 -1.54E-2 -3.13E-2 -3.73E-3 -8.01E-3
HNO3 Temp. 6.62E+0 6.35E+0 1.42E+1 9.66E+0 6.30E+0
R.H. 3.08E-1 2.02E-1 5.80E-1 2.19-1 1.36E-1
H2S04 Temp. 5.18E+0 6.21E+0 1.67E+1 1.03E+1 7.06E+0
R.H. 2.99%-1 2.62E-1 7.01E-1 2.54E-1 1.13E-1
OH Temp. 5.48E+0 5.79E+0 1.60E+1 1.02E+1 7.47E+0
R.H. 2.87E-1 2.18E-1 6.69E-1 2.62E-1 1.27E-1
HO2 Temp. 7.79E+0 1.37E+1 2.86E+1 1.92E+1 1.156+1
R.H. 1.20E-1 3.37E-1 1.00E+0 3.95E-1 1.20E-1
PAN Temp. -- 5.71E+0 1.33E+1 8.23E+0 4.51E+0
R.H. - 3.75E-1 6.91E-1 2.76E-1 1.18E-1
03 Temp. 3.48E-2 7.29%-1 1.26E+0 2.29E+0 1.12E+0
R.H. -2.80E-3 1.43E-2 4.49E-2 4.96E-2 2.52E-2
NOy Temp. - - 141E-1 3.02E-1 9.93E-2
R.H. - - -8.60E-3 -3.45E-3 -3.66E-3
03/NOz Temp. - - -1.28E+1 -6.93E+0 -4.75E+0
R. H. - - -5.67E-1 -2.10E-1 -1.02E-1
H202/HNO3 Temp. - - -1.43E+1 -9.22E+0 -6.36E+0
R.H. - - -5.76E-1 -1.99E-1 -1.37E-1

Table 10. Lhr average sensitivities of Oswith resped to aqueous-phase readion rate constants under
various cloudy condtions.

Remote Marine Rura Urban Heavily-pall uted
Rank [ Rxn.# §k| Rxn. # §k| Rxn. # §k| Rxn. # §k| Rxn. # §k|
1 L13 -3.14E-3 L7 -7.76E-3 L7 -7.08E-3 L7 -1.22E-2 L109 6.13E-3
2 L7 -5.96E-4 L13 -4.96E-3 L13 -2.46E-3 L13 -2.52E-3 L75 -1.31E-3
3 L74 -3.86E-5 L75 6.78E-4 L74 -7.21E-4 L105 -1.93E-3 L105 -6.65E-4
4 L50 -3.70E-5 L74 -2.19E-4 L75 6.45E-4 L6 -8.36E-4 L112 -6.62E-4
5 L75 3.29E-5 L6 -1.82E-4 L82 -4.52E-4 L112 -7.60E-4 L7 -4.71E-4
6 L16 -2.13E-5 L105 -1.02E-4 L6 -3.29E-4 L109 7.35E-4 L13 -3.24E-4
7 L6 -1.92E-5 L50 -8.52E-5 L105 -3.03E-4 L82 -4.93E-4 L74 -2.60E-4
8 L105 1.65E-5 L1 5.20E-5 L79 -1.92E-4 L50 4.84E-4 L50 1.30E-4
9 L64 -1.17E-5 L112 -4.64E-5 L85 1.55E-4 L74 -4.38E-4 L44 1.16E-4
10 L49 -9.16E-6 L57 3.83E-5 L57 9.48E-5 L114 -3.36E-4 L32 1.16E-4
11 L5 -8.91E-6 L19 -3.37E-5 L80 9.01E-5 L85 1.90E-4 L99 8.78E-5
12 L1 6.89E-6 L18 -3.31E-5 L3 -8.88E-5 L79 -1.73E-4 L114 -8.24E-5
13 L73 -6.85E-6 L20 3.27E-5 L50 8.48E-5 L99 1.60E-4 L82 -8.10E-5
14 L3 -5.21E-6 L49 -2.49E-5 L81 8.19E-5 L18 -1.55E-4 L73 -6.78E-5
15 L57 -4.38E-6 L114 -2.28E-5 L77 6.93E-5 L46 -9.43E-5 L6 -5.58E-5
16 L82 2.16E-6 L16 -1.88E-5 L91 6.36E-5 L91 -8.47E-5 L91 -4.63E-5
17 L77 1.81E-6 L64 -1.61E-5 L18 -5.40E-5 L93 -7.91E-5 L85 4.13E-5
18 L4 -1.61E-6 L77 153E-5 L19 -4.74E-5 L19 -7.11E-5 L93 -4.02E-5
19 L23 -1.52E-6 L82 -1.36E-5 L109 4.43E-5 L59 7.08E-5 L31 3.95E-5
20 L21 -1.51E-6 L25 -1.25E-5 L20 4.40E-5 L77 7.04E-5 L46 -3.79E-5
21 L18 -1.38E-6 L5 1.25E-5 L96 -3.58E-5 L106 -6.82E-5 L59 2.79E-5
22 L22 1.35E-6 L73 -1.17E-5 L73 -3.26E-5 L80 6.29E-5 L79 -2.38E-5
23 L19 -1.34E-6 L3 -1.14E-5 L106 3.19E-5 L20 6.09E-5 L18 -1.78E-5
24 L20 1.32E-6 154 1.11E-5 L25 -3.10E-5 L73 -5.66E-5 L43 -1.45E-5
25 L85 -1.19E-6 L79 -1.07E-5 L24 2.86E-5 L57 2.89E-5 L97 -1.31E-5
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Table11. Xhr average sensitivities of agueous-phase S(1V) and S(V1) with resped to agqueous-phase

readion rate cnstants under various cloudy condtions.

(@ V)

Remote Marine Rural Urban Heavily-pall uted

Rank | Rxn.# Sk Rxn. # Sk Rxn. # Sk Rxn. # Sk Rxn. # Sk
1 L75 -3.52E+0 L75 -4.52E+0 L75 2.95E-1 L105 -1.66E-1 L105 -2.84E-2
2 L105 -2.69E-1 L105 -4.23E-1 L105 -2.14E-1 L75 6.17E-2 L112 -1.58E-2
3 L7 1.32E-1 L7 1.52E-1 L82 6.17E-2 L77 -2.27E-2 L109 -1.44E-2
4 L5 5.65E-2 L77 -9.33E-2 L77 -5.53E-2 L50 2.26E-2 L77 -1.23E-2
5 L77 -5.50E-2 L112 -6.09E-2 L91 -5.27E-2 L82 2.07E-2 L50 1.02E-2
6 L79 -4.14E-2 L74 -4.08E-2 L80 -5.23E-2 L112 -191E-2 L75 6.56E-3
7 L103 -2.15E-2 L79 -3.51E-2 L81 -3.95E-2 L79 -1.82E-2 L91 -6.32E-3
8 L50 -1.88E-2 L106 -3.03E-2 L79 -3.89E-2 L80 -1.43E-2 L80 -5.75E-3
9 L13 1.70E-2 L114 -2.10E-2 L74 -3.51E-2 L7 1.38E-2 L82 4.91E-3
10 L106 -8.54E-3 L50 1.99E-2 L7 3.26E-2 L91 -1.08E-2 1108 -3.39E-3

(b) S(VI)

Remote Marine Rura Urban Heavily-poll uted

Rank | Rxn.# ékl Rxn. # ékl Rxn. # ékl Rxn. # ékl Rxn. # ékl
1 L75 8.60E-2 L75 7.22E-2 L75 -1.14E-1 L105 247E-1 L105 1.40E-1
2 L105 6.41E-3 L105 6.56E-3 L105 8.49E-2 L75 -7.79E-2 L109 7.18E-2
3 L7 -3.45E-3 L7 -3.93E-3 L82 -2.47E-2 L50 -3.86E-2 L77 6.02E-2
4 L77 1.31E-3 L112 -3.27E-3 L77 2.20E-2 L77 3.34E-2 L50 -4.44E-2
5 L5 -1.26E-3 L114 2.30E-3 L91 2.11E-2 L82 -3.13E-2 L91 3.08E-2
6 L79 9.91E-4 L50 -2.26E-3 L80 2.09E-2 L79 2.71E-2 L80 2.84E-2
7 L103 3.85E-4 L77 1.40E-3 L81 1.58E-2 L80 2.15E-2 L82 -2.46E-2
8 L50 3.22E-4 L13 1.09E-3 L79 1.55E-2 L7 -2.15E-2 L114 1.81E-2
9 L13 -2.81E-4 L74 6.06E-4 L74 1.40E-2 L91 1.61E-2 L108 1.66E-2
10 L106 2.07E-4 L106 4.92E-4 L7 -1.30E-2 L74 1.28E-2 L75 1.62E-2

Table12. Lhr average sensitivities of Oz with resped to equili brium constants under various cloudy
condtions. Only those sensitivities greaer than 1.(E-4 are shown.

(a) Dissolution equlibrium constant (i.e., Henry's Law constant)

Remote Marine Rural Urban Heavily-pall uted
Rank Rxn. # ékl Rxn. # ékl Rxn. # ékl Rxn. # §kl Rxn. # §kl
1 E10 -4.38E-3 E10 -2.11E-2 E10 -1.83E-2 E10 -3.16E-2 E12 -3.01E-2
2 E17 -3.23E-3 E17 -5.28E-3 E17 -3.39E-3 E12 -1.53E-2 E13 6.61E-3
3 E11 -1.20E-4 E12 -1.51E-3 E3 -9.77E-4 E17 -3.13E-3 E3 4.25E-3
4 E18 -1.02E-4 E1l1l -3.36E-4 E12 -5.31E-4 E3 -2.37E-3 E10 -2.24E-3
5 E3 -2.03E-4 E18 -1.96E-4 E13 7.57E-4 E17 -6.86E-4
6 E18 -1.35E-4 E5 2.43E-4 E5 1.10E-4
7 E7 -1.43E-4
(b) Dissociation equli brium constant
Remote Marine Rural Urban Heavily-pall uted
Rank Rxn. # §kl Rxn. # §kl Rxn. # §kl Rxn. # §kl Rxn. # §kl
1 D2 -3.75E-3 D2 -1.28E-2 D2 -1.01E-2 D2 -1.55E-2 D10 4.26E-3
2 D11 -2.64E-4 D10 -9.73E-4 D10 -2.34E-3 D11 -9.25E-4
3 D10 -2.03E-4 D11 -6.63E-4 D11 -1.18E-3 D2 -9.10E-4
4 D9 7.62E-4 D9 6.65E-4
5 D4 -3.58E-4 D16 1.21E-4
6 D16 2.62E-4
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Table 13. Lhr average sensitivities of spedes and phdochemicd indicators with resped to temperature
(Temp.), relative humidity (R.H.), cloud doplet radius (Rdrop.) and cloudliquid water (V¢) under various

cloudycondtions. TSO42- and TNO3- are the total sulfate and ritratein all phases, respedively.

Spedes Model parameters Atmospheric condtions
Remote Marine Rural Urban Heavil y-poll uted
NO2 Temp. 2.52E+0 -6.76E-1 -2.86E+0 -2.54E+0 6.51E-1
R.H. -2.33E-2 -1.04E-1 -1.79E-1 -9.29E-2 -5.81E-3
Rdrop. 4.52E-3 -7.56E-2 -4.69E-2 -2.70E-2 2.08E-3
Ve -9.55E-3 7.32E-2 6.14E-2 5.82E-2 -1.27E-3
SO2 Temp. 4.09E+1 5.08E+1 5.05E+0 3.89E+0 1.93E+0
R.H. -4.81E-1 -5.41E-1 -3.25E-1 -6.67E-2 -1.61E-3
Rdrop. 1.71E-2 1.46E-1 -7.37E-2 9.00E-2 -7.94E-3
Ve -6.98E-1 -1.05E+0 -3.88E-1 -2.45E-1 -7.28E-2
HNO3 Temp. 1.81E+1 1.38E+1 1.56E+1 1.10E+1 8.28E+0
R.H. 7.30E-1 4.06E-1 5.04E-1 1.84E-1 1.28E-1
Rdrop. 2.23E+0 2.21E+0 2.08E+0 1.98E+0 1.91E+0
Ve -1.30E+0 -1.33E+0 -1.23E+0 -1.15E+0 -1.07E+0
H2S04 Temp. 1.56E+1 8.11E+0 2.00E+1 1.16E+1 4.68E+0
R.H. 9.87E-2 1.29E-1 2.96E-1 1591 5.35E-2
Rdrop. 4.31E-1 1.05E+0 1.29e+0 1.04E+0 6.02E-1
Ve -1.16E+0 -1.29E+0 -1.43E+0 -1.11E+0 -8.45E-1
OH Temp. 1.82E+1 1.70E+1 2.09E+1 1.35E+1 9.32E+0
R.H. 7.55E-1 5.10E-1 6.84E-1 2.63E-1 1.31E-1
Rdrop. 3.17E-1 3.76E-1 2.17E-1 8.93E-2 -5.62E-4
Ve -2.49E+0 -4.01E-1 -2.94E-1 -1.91E-1 -6.65E-2
HO2 Temp. 2.71E+1 241E+1 3.00E+1 2.28E+1 143E+1
R.H. 5.06E-1 4.29E-1 7.16E-1 3.27E-1 1.23E-1
Rdrop. 4.37E-1 4.73E-1 2.37E-1 1.36E-1 -2.92E-3
L.W. -6.33E-1 -6.07E-1 -4.24E-1 -3.18E-1 -1.06E-1
PAN Temp. -- 2.34E+1 1.63E+1 1.15E+1 5.97E+0
R.H. -- 8.8%E-1 6.91E-1 2.89%-1 1.24E-1
Rdrop. -- 7.46E-1 1.97E-1 9.37E-2 2.00E-3
Ve -- -7.41E-1 -2.58E-1 -1.95E-1 -6.30E-2
O3 Temp. 7.21E-2 6.63E-1 8.95E-1 2.56E+0 1.39E+0
R.H. -2.12E-3 1.03E-2 2.22E-2 4.18E-2 2.59%-2
Rdrop. 3.86E-3 2.16E-2 9.03E-3 1.94E-2 -1.26E-3
Ve -6.04E-3 -2.69E-2 -1.69E-2 -4.35E-2 -2.67E-2
TSO42 Temp. -9.38E-1 -5.33E-1 -2.04E+0 -5.20E+0 -7.73E+0
R.H. 1.29e-2 1.06E-2 1.28E-1 9.82E-2 1.15E-2
Rdrop. 3.86E-4 -3.51E-3 2.95E-2 -1.49E-1 5.95E-3
Ve -9.84E-1 -9.91E-1 -8.47E-1 -6.53E-1 -6.87E-1
TNO3" Temp. 1.85E+1 1.59E+1 1.88E+1 1.29E+1 9.41E+0
R.H. 6.91E-1 4.57E-1 6.18E-1 1.99-1 8.70E-2
Rdrop. 2.13E-1 3.57E-1 1.59E-1 4.82E-2 -2.61E-2
Ve -1.22E+0 -1.37E+0 -1.22E+0 -1.12E+0 -1.03E+0
NOy Temp. - - -3.10E+0 -1.04E+0 -6.22E-1
RH. - - -1.07E-1 -2.10E-2 -6.68E-3
Rdrop. - - -2.78E-2 -5.47E-1 1.91E-3
Ve - - 3.96E-2 142E-2 2.58E-3
O3/NOz Temp. -- -- -1.60E+1 -9.74E+0 -5.38E+0
R.H. -- -- -6.36E-1 -2.46E-1 -9.81E-2
Rdrop. -- -- -1.83E-1 -7.54E-2 -5.38E-2
Ve -- -- 2.31E-1 151E-1 3.81E-2
H202/HNO3 Temp. -- -- 3.86E+1 3.40E+1 1.85E+1
R.H. -- -- 6.96E-1 4.54E-1 1.70E-1
Rdrop. -- -- -2.09E+0 -2.41E+0 -1.91E+0
Ve -- -- 7.89%-1 7.95E-1 8.15E-1
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Table 14. Lhr average sensitivity of various gedes concentrations with resped to upake cefficients of
individual spedes under the Heavily-pall uted aerosol condtions. Only those sensitivities greder
than 1.(E-4 are shown.

(@ Readive nitrogen spedes

Rank NO NO2 NO3 N205 HNO3 PAN

1 03 7.78E-2 | NO2 -3.95E-2 | 03 -1.97E-1 | N205 -8.02E-1 | HNO3 -9.01E-1 | HCHO -2.31E-1
2 HCHO 6.44E-2 | O3 -2.56E-2 | HCHO -1.20E-1 | O3 -2.21E-1 | HCHO -2.70E-1 | PAN -4.63E-2
3 NO2 -3.15E-2 | NO -7.21E-3 | N205 -1.82E-2 | HCHO -1.20E-1 | 03 -3.73E-2 | 03 -1.73E-2
4 NO -1.50E-2 | N205 -3.46E-3 | NO2 -1.63E-2 | NO2 -5.55E-2 | NO2 -1.45E-2 | HO2 -1.34E-2
5 HO2 3.58E-3 | HCHO -8.01E-4 | NO 143E-2 | NO 7.03E-3 | HO2 -1.44E-2 | NO2 7.94E-3
6 N205 -1.27E-3 | HNO2 -2.51E-4 | HO2 -6.56E-3 | HO2 -6.50E-3 | HNO2 -9.57E-3 | HNO2 -7.88E-3
7 HNO2 1.06E-3 HNO2 -2.39E-3 | HNO2 -2.62E-3 | N205 -7.61E-3 | NO 3.63E-3
8 H202 3.06E-4 H202 -5.20E-4 | H202 -4.96E-4 | SO2 1.29E-3 | H202 -1.43E-3
9 SO2 -2.46E-4 So2 4.17E-4 | SO2 3.97E-4 | H202 -6.51E-4 | SO2 1.05E-3
10 CH302 -1.69E-4 | CH302 -1.72E-4 | CH302 -3.16E-4 | N205 3.34E4
11 NO3 -1.27E-4 | NH3 -1.39E-4 | PAN -2.15E-4 | CH302 2.84E-4
12 PAN -1.08E-4

(b) Odd hydogen spedes

Rank OH HO2 H202 C203 CH302 CH300H

1 HCHO -2.86E-1 | HCHO -3.82E-1 | H202 -2.99E+0 | HCHO -2.86E-1 | HCHO -2.72E-1 | HCHO -5.06E-1
2 03 -2.00E-2 | 03 -9.50E-2 | HCHO -6.14E-1 | NO2 5.42E-2 | O3 -9.07E-2 | CH300H -2.10E-1
3 NO2 1.91E-2 | NO2 4.40E-2 | O3 -1.50E-1 | HO2 -1.59E-2 | NO2 459E-2 | 03 -9.38E-2
4 HO2 -1.58E-2 | HO2 -2.00E-2 | NO2 6.92E-2 | NO 1.40E-2 | NO 1.96E-2 | NO2 4.55E-2
5 HNO2 -1.03E-2 | NO 1.95E-2 | HO2 -3.19E-2 | HNO2 -9.80E-3 | HO2 -1.50E-2 | HO2 -2.77E-2
6 NO 6.45E-3 | HNO2 -8.44E-3 | NO 3.08E2 | 03 -9.29E-3 | HNO2 -8.58E-3 | NO 2.06E-2
7 SO2 2.07E-3 | N205 1.99E-3 | HNO2 -1.35E-2 | N205 4.07E-3 | N205 2.20E-3 | HNO2 -1.29E-2
8 N205 1.196-3 | SO2 1.69E-3 | N205 3.12E-3 | PAN -3.67E-3 | SO2 1.78E-3 | H202 -2.29-3
9 PAN -3.89E-4 | H202 -5.08E-4 | CH302 -7.22E-4 | SO2 1.88E-3 | PAN -7.00E-4 | N205 1.99E-3
10 | CH302 -3.48E-4 | PAN -4.63E-4 | PAN -7.12E-4 | H202 -5.99E-4 | CH302 -5.96E-4 | SO2 1.82E-3
11 [ H202 -2.58E-4 | CH302 -4.53E-4 | SO2 5.38E-4 | CH302 -3.46E-4 | H202 -4.16E-4 | CH302 -8.32E-4
12 | HNO3 117E-4 HNO3 1.52E-4 | HNO3 1.10E-4 | HNO3 1.01E-4 | PAN -3.80E-4
13 OH -1.05E-4 OH -1.08E-4
14 HNO3 1.01E-4

() Readive hydrocarbon spedes

Rank HCHO ALD2 PAR OLE ISOP CH3COOH
1 HCHO 1.22E+0 | HCHO -1.38E-2 | HCHO 2.41E-3 | HCHO 2.92E-2 | HCHO 8.64E-2 | HCHO -4.60E-1
2 03 -1.22-2 | 03 -1.96E-3 | 03 3.01E4 | O3 4.67E-3 | O3 9.33E-3 | CH3COOH 2,751
3 HO2 -5.63E-3 | HO2 -8.05E-4 | HO2 1.39E-4 | HO2 1.69E-3 | HO2 5.00E-3 | NO2 5.68E-2
4 NO2 4.40E-3 | HNO2 -4.68E-4 HNO2N  9.83E-4 | HNO2N 2.95E-3 | O3 -5.32E-2
5 HNO2 -3.63E-3 | NO2 3.66E-4 02 -7.41E-4 | 02 -2.57E-3 | HO2 -2.61E-2
6 H202 2.21E-3 | NO 2.76E-4 NO -6.26E-4 | NO -1.52E-3 | NO 1.92E-2
7 NO 5.82E-4 H202 1.74E-4 | H202 5.09E-4 | HNO2 -1.52E-2
8 S02 -2.61E-4 S02 -1.35E-4 | SO2 -4.03E-4 | N205 3.45E-3
9 CH302 -2.09E-4 CH302 1.07E-4 | H202 -2.35E-3
10 | PAN -1.53E-4 S02 2.18E-3
11 PAN -1.76E-3
12 CH302 -7.92E-4
13 HNO3 1.23E-4
14 OH -1.23E-4




Table 15. Lhr average sensitivities of O3 andindicaors to upake wefficients of individual spedes
under various agosol condtions. Only those sensitivities greaer than 1.(E-4 are shown.

(@ 03
Remote Marine Rural Urban Heavil y-poll uted
Rank | Spedes Sk Spedes Sk Spedes Sk Spedes Sk Spedes Sk
1 03 -6.55E-4 03 -1.31E-3 03 -6.30E-3 03 -4.67E-2 03 -1.04E-1
2 H202 -2.76E-4 HO2 -2.13E-3 HCHO -2.49E-2 HCHO -6.34E-2
3 HO2 -2.54E-4 H202 -1.74E-3 HO2 -1.28E-2 NO2 -8.06E-3
4 HCHO -3.59E-4 H202 -1.43E-3 NO 7.51E-3
5 CH302 -3.56E-4 HO2 -3.47E-3
6 NO 3.46E-4 N205 -2.15E-3
7 NO2 -2.98E-4 HNO2 -1.28E-3
8 N205 -2.96E-4 H202 -2.79E-4
9 HNO2 -2.23E-4 SO2 1.98E-4
10 SO2 2.08E-4
(b) NOy
Rural Urban Heavily-pall uted
Rank Spedes Su Spedes Su Spedes Su
1 HNO3 -1.31E-2 HNO3 -2.19E-2 NO2 -3.55E-2
2 NO2 -1.13E-3 NO2 -1.11E-2 HNO3 -9.09E-3
3 HO2 7.86E-4 HCHO 4.59E-3 NO -8.92E-3
4 H202 6.99E-4 N205 -3.18E-3 HCHO 7.21E-3
5 N205 -6.19E-4 PAN -3.06E-3 03 2.89E-3
6 NO -4.08E-4 NO -2.83E-3 N205 -2.78E-3
7 PAN -191E-14 HO2 2.45E-3 PAN -1.27E-3
8 HNO2 -1.69E-4 o3 1.17E-3 HO2 4.29E-4
9 HCHO 1.50E-4 HNO2 -3.18E-4 HNO2 -2.23E-4
10 H202 2.92E-4
() 0O3/NOz
Rura Urban Heavily-pall uted
Rank Spedes Sk Spedes Sk Spedies Su
1 HNO3 3.72E-2 HNO3 8.18E-2 HNO3 2.22E-1
2 HO2 1.96E-2 HCHO 7.71E-2 HCHO 1.76E-1
3 H202 1.75E-2 HO2 4.53E-2 O3 -8.08E-2
4 03 -4.34E-3 03 -3.73E-2 PAN 2.96E-2
5 HCHO 2.02E-3 PAN 1.11E-2 NO2 -1.03E-2
6 SO2 -5.90E-4 H202 6.10E-3 HO2 1.01E-2
7 N205 5.40E-4 HNO2 1.22E-3 HNO2 6.96E-3
8 HNO2 3.86E-4 CH302 1.03E-3 NO 4.73E-3
9 CH302 2.71E-4 SO2 -9.12E-4 H202 9.61E-4
10 N205 2.38E-4 N205 8.94E-4 SO2 -9.29E-4
11 NO2 1.75E-4 NO 3.2564 N205 -2.60E-4
12 OH 1.31E-4 CH302 2.01E-4
(d) H202/HNO3
Rural Urban Heavily-pall uted
Rank Spedes Sk Spedes Sk Spedes Sk
1 H202 -5.48E-1 H202 -3.46E+0 H202 -2.99E+0
2 HNO3 6.49E-2 HNO3 4.63E-1 HNO3 9.01E-1
3 HO2 2.02E-2 HCHO -6.19E-2 HCHO -3.44E-1
4 HCHO 2.06E-3 HO2 -1.64E-2 o3 -1.13E-1
5 03 1.99E-3 NO2 159E-2 NO2 8.37E-2
6 SO2 -6.10E-4 03 -9.60E-3 NO 3.09E-2
7 NO2 5.40E-4 N205 8.05E-3 HO2 -1.75E-2
8 N205 491E-4 NO 4.21E-3 N205 1.07E-2
9 HNO2 4.39E-4 HNO2 5.31E-4 HNO2 -3.93E-3
10 CH302 2.86E-4 CH302 -3.90E-4 SO2 -7.52E-4
11 NO 1.93E-4 SO2 -2.80E-4 PAN -4.97E-4
12 CH302 -4.06E-4
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Appendix A-1. Gas-phase readionsin MaTl ChM, taken from Zaveri (1997 and references therein.

No. Readion Rate mnstant, om3 moleasle’ 1
Inorganic Readions
G1. NOo +hv - NO + O(3P) Radiation Dependent
2. o@p O o 14E+03exp(1175T)
G3. 03+NO - NO 1.8E-12exp(-1370T)
G4, O(3P) + NO, - NO 9.3E-12
G5 oGP +Noy O - Nog 1.6E-13 exp(687/T)
6. ocp+no O = Noy 2.2E-13 exp(602T)
G7. 03 +NOy - NO3 1.2E-13exp(-24507T)
Gs. 03 +hv ~0O(P) Radiiation Dependent
Go. oz +hv - o(lD) Radiation Dependent
Gl10. ooy O = o@p) 1.19E+08 exp(390'T)
Gl1L o(D) + Hy0 - 20H 2.2E-10
Gl2. O3+ OH — HOy 1.6E-12 exp(-940T)
G13. O3 +HOy - OH 1.4E-14 exp(-580T)
Gl4. NOz+hv -89NOy +.890 +.1INO Radiation Dependent
G15. NOg + NO —2NOy 1.3E-11 exp(2501T)
G16. NO3 + NOp —~NO + NO» 2.5E-14 exp(-1230T)
G17. NO3 +NOy O - No05 5.3E-13 exp(256/'T)
G18. N2Os + HoO — 2HNOg 1321
G1o.  Npos [ - NOg+NOy 3.5E+14exp(-10897T)
G20. No+No O - 2nop 1.8E-20 exp(53Q'T)
G21. NO + NOy + HoO — 2HONO 4.4E-40
G2 oH+No O - Hono 4.5E-13 exp(806/T)
G23. HONO+hv - OH+ NO Radiation Dependent
G24, OH + HONO - NO» 6.6E-12
G25. HONO + HONO — NO + NOp 1.0E-20
G26. oH+NOp M - HNOg 1.0E-12 exp(713T)
G27. oH+HNog O = Nog 5.1E-15 exp(1000T)
G28. HO2 + NO - OH+NO2 3.7E-12exp(240T)
G2o.  HOy+NOp, L1 = Pna 1.2E-13exp(749T)
G3o.  pNA OO - Hoy +NO, 4.8E+13exp(-10121T)
G3L OH+PNA - NO» 1.3E-12 exp(38Q'T)
G32. HOo + HOy — HyOp 5.9E-14 exp(11507T)
G33. HO5 + HO + Ho0 — Ho0p 2 2E-38 exp(5800T)
G34. HoOo +hv - 20H Radiation Dependent
G35. OH + Hp0y —HO» 3.1E-12 exp(-187T)
G36. co+on O = Ho, 2.2E-13
Formaldehyde Readions
G37.  FORM+0H [ - Hoy+cO 1.0E-11
G3s.  ForM +hv O - 2H0,+cO Radiation Dependent
G30. FORM + hv - CO Radiation Dependent
G40, FORM + O(3P) - OH + HO, + CO 3.0E-11 exp(-1550T)
GAL ForM +Nog CF = HNOg +HO, + cO 6.3E-16

Read 1.£+03exp(1175T) asl.4 x 16 el175T,



Appendx A-1. continued.

No. Readion Rate mnstant, em3 molealle’ ! 1
Higher Moleaular Weight Aldehyde Readions
G42. ALD2+0c3p) O [T co03+0H 1.2E-11 exp(-986/T)
G43. ALD2 + OH - C203 7.0E-12 exp(250'T)
G44. ALD2+Nog (I - €203+ HNO3 2.5E-15
Ga5. ALD2+hv O - cHzop +HOp + CO Radiation dependent
Ga6.  c203+No O[T = cHgo, +NO, 5.4E-12 exp(250T)
GAT. C203 + NOy — PAN 8.0E-20 exp(5500T)
G48, PAN - C203+NOy 9.4E+16exp(-14000T)
G49. C203 + C203 -~ 2CH302 + O 2.0E-12
G50. C203+ HOy — .79CH305 + .790H 6.5E-12
Alkane Readions
G51. C2H6 + OH . ETHP T21.37E-17exp(-444T)
G52. PAR+ OH - .87X02+ .13XO2N + .11HO2 +.11ALD2 +.76ROR - .11PAR 8.1E-13
G53. ROR - 1.1ALD2 +.96X02 + .94HO2 + .04XO2N +.02ROR - 2.1PAR 1.0E+15 exp(-8000T)
Gb54. ROR - HO2 1.6E+3
G55. ROR + NO2 - NITRATES 15E-11
Alkene Readions
G56. OLE+ O(3P) - .63ALD2+.38H0O2+.28X02+.3CO+.2HCHO+.02XO2N+.22PAR+.20H 1.2E-11 exp(-324/T)
G57. OLE + OH — CH30o+ALD2-PAR 5.2E-12 exp(504/T)
G58. OLE + O3 - .5ALD2 + .524HCHO + .33CO + .228H02 +.10H + .216CH302 - PAR 1.4E-14 exp(-2105T)
Gh9. OLE + NO3 - 91XO2+ HCHO+ ALD2 + .09XO2N+NO2-PAR 7.7E-15
G60. ETH +O(3P) - .3HCHO + .7CH302 + CO + HO2 + .30H 1.0E-11exp(-792T)
G61. ETH+ OH -~ XO2+ 1.56HCHO + HO2 + .22ALD2 2.0E-12 exp(411T)
G62. ETH + O3 ~ HCHO + .42CO + .12HOy 1.3E-14 exp(-2633T)
Aromatic Readions
G63. TOL + OH - .08X02 + .36CRES + .44HO2 +.56T02 2.1E-12exp(322T)
G64. TO2 +NO - .9NO2 + .90PEN + .9HO2 8.1E-12
G65. TO2 - CRES 4.2
G66. CRES+ OH - .4CRO + .6X02 + .6HO2 + .30PEN 4.1E-11
G67. CRES+ NO3 - CRO + HNO3 2.2E-11
G68. CRO + NO2 - NITRATES 14E-11
G69. XYL +OH - .70H + .5X02 + .2CRES + .8MGLY +1.1PAR + .3TO2 17E-11exp(116T)
G70. OPEN + OH - X02 + C203 + 2HO7 + 2CO + HCHO 3.0E-11
G71 OPEN + hv - C203 + CO + HO2 Radiation dependent
G72. OPEN+ O3 - .03ALD2+.62C203+.7HCHO+.03X02 +.69C0O+.080H+.76HO2+.2MGLY 5.4E-17exp(-500'T)
G73. MGLY + OH - XO2 + C203 1.7E-11
G74. MGLY + hv - C203 + CO + HO2 Radiation dependent
Isoprene Readions
G75. ISOP + O(3P) - .6HO2 + .8ALD2 + .550LE + .5X02 + .5CO + .45ETH + .9PAR 1.8E-11
G76. ISOP + OH - HCHO+X02+.67THO2+.4MGLY +.2C203 +ETH+.2ALD2+.13XO2N 9.6E-11
G77. ISOP + O3 — HCHO+ 4ALD2 + .55ETH + .2MGL Y +.06CO+.1PAR+ .44H0O»+.10H 1.2E-17
G78. ISOP + NO3 — XO2N + NITRATES 3.2E-13
Operator Readions
G79. X02+NO - NO2 8.1E-12
G80. X02 + X02 - Prodwcts 1.7E-14exp(1300T)

G81.

XO2N + NO -~ NITRATES

6.8E-13




Appendx A-1. Continued.

No. Readion Rate onstant, cm3 moleasle’ ! 1
Condensed DMS Chemistry

G82 DMS+ OH - CH3SCH200 + Ho0O 9.64E-12 exp(-234/T)

G83. DMS+ NO3 - CH3SCH200 + HNO3 1.40E-13 exp(500'T)

G84. DMS+O(3P) . CH3SO, + CH300 26E-11exp(409T)

G85. DMS + OH - aCH3S0» + aCH307 + (1-a)DMSO + (1-a)HO» 1.7E-12 (seenocte)

G86. CH3SCH00 + NO - CH3S0 + HCHO + NOo 8.0E-12

G87. CH3SCH200 + CH30p — CH3S02 + CH30 + HCHO 1.8E-13

G88. CH3SCH200 + HOy - CH3SCH200H 15E-12

G89. DM SO+OH - bCH3S02H+bCH302+(1-b)DM SO+ (1-b)HO» 5.8E-11 (seencte)

G90. DMSOs5 + OH - CH3S(0)2CH200 + Ho0 1.0E-14

GOL CH3S(0)2CH00 + NO - CH3S05 + HCHO + NOo 5.0E-12

G92 CH3S(0)2CH200 + CH309 - CH3S05 + HCHO + CH30 1.8E-13

G93. CH3S(0)2CH200+HO2 - CH3S(0)2CH2O0H+O2 1.5E-12

G4, CH3SO,H + HOo — CH3SOp + HoOp 1.0E-15

G95. CH3SO2H + NO3 -~ CH3SO2 + HNO3 1.0E-13

G96. CH3S0oH + CH309 — CH3S05 + CH300H 1.0E-15

GO7. CH3SOgH + OH - CH3S0; + Hp0 1.6E-11

G98. CH3SO2H + CH3SO3 —» CH3SO + MSA 1.0E-13

G99,  CHgsop L - s0,+CHz0, 4.53E+13exp(-8656T)

G100.  CH3SOp +NOy - CH3SO3+NO 1.0E-14

G101  CH3SO5+ 03 - CH3S03 + 0o 1.0E-15

G102  CH3SOp +HO» - CH3S03+ OH 25E-13

G103 CH3S02 + CH302 — CH3SO3+CH30+ O2 2.5E-13

G104 CH3S02 + OH - MSA 5.0E-11

G105  CHgsOy+ 0y O = CHzs(0),00 2.6E-18

G106  CH35(0)200 Ol = CHgsop + 0y 33

G107.  CH3$(0)200+ NO - CH3S03 + NO» 1.0E-11

G108 CH3S(0)200+CH302 - CH3S03+CH30+02 5.5E-12

G109 CH3S(0)200+HO5 - CH3S(0)200H+O, 2.0E-12

G110 CHgsog [l — HS04 + CH30, 1.6E-1

G111L  CH3SO3+NO» - MSA +HNO3 3.0E-15

G112  CH3S03+NO - MSA +HNO> 3.0E-15

G112  CH3SO3+HOy ~ MSA +Op 5.0E-11

G114  CH3SOz+HcHO [ - MsAa+HO.+CO 1.6E-15

G115 SO, + OH O - H2SO4 +HO2 Troe expresson
Methane and Methylperoxyl Radicd Readions

G116  CHg+OH [ . CH30, T26.95E-18exp(-1280T)

G117.  CH302+NO — HCHO + HO5 + NO» 4.2E-12 exp(180T)

G118  CH302+HOy — CH300H 7.7E-14 exp(1300T)

G119,  CH30p+ CH30p - 15HCHO + HOo 1.9E-13exp(220T)

G120,  CH30+ C203 - HCHO + 5HO5 + .5CH30, + CH30OH 9.6E-13 exp(220T)

G121 CH300H+ hv -~ HCHO + HO2 + OH 5.57E-06

G122  CH300H+OH - 5CH309+5HCHO+50H 1.0E-11

G123 ETHP+NO - ALD2+HO> + NO» 4.2E-12 exp(180'T)

G124 ETHP + HO2 - Products 7.7E-14 exp(1300T)

G125 ETHP + C203 - ALD2 + .5HO2 + .5CH307 + .5CH3COOH 3.4E-13exp(220T)

Note: a =5E+5/(5E+5 + [O2] X 3E-12); b = 1.5E+7/(1.5E+7 + [Op] X 1.2E-12)
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Appendix A-2. Aqueous-phasereadionsin MaTChM, taken from Zaveri (1997 and references therein.

No. Readion Rate Congtant, MNs'1
Oxygen-Hydrogen Chemistry
L1. HoOp + hn - 20H 5.4E-7
L2 og+tn O Hyop+ 0, 1265
L3. OH+HOy — Hy0 + Oy 1.07E+12 exp(-1500T)
L4. OH+ 0y - OH + 09 1.53E+12 exp(-1500T)
L5. OH + Ho0p - Ho0 + HOp 8.12E+9 exp(-1700T)
L6. HO2 + HO2 - H202 + O2 2.40E+9 exp(-2365T)
L7. HOp + 0y [ AR Hp0p + O + OH" 1.53E+10 exp(-1500T)
L8. oy +0y OETET o Hp0p+0p + 20K 3.0E-1
L9. HO5 + HoOp - OH + O + Hy0 5.0E-1
L10. 09+ Hp0y — OH+ Oy + OH" 1.3E-1
L1l OH+03 — HO2 + Op 2.0E+9
L12. HOp + O3 — OH + 20> 5.0E+3
L13. Oy +03 » OH+ 20y + OH" 2.30E+11exp(-1500T)
L14. on +o3 O = oy +HO, 7.0E+1
L15. HO, +03 — OH+ 0y + 09 2.8E+6
L16. HOp + O3 — H0 + 205 7.8E-3[05] 00
Carborete Chemistry
L17. HCO3™ + OH — H0 + CO3 9.11E+9 exp(-1910T)
L18 HCO3™ + 02" -~ HO2™ + CO3” 1.5E+6
L19. cog +0y [ ' - HCOg™ + Op + OH" 6.14E+10 exp(-15007T)
L20. CO3™ +H05 - HOp + HCOg™ 1.03E+10exp(-2820T)
Chlorine Chemistry
L21. Cl" + OH - CIOH 6.6E+11 exp(-1500T)
L22. CIOH™ - CI"+OH 6.1E+9
L23, cion O = ci+H0 2.1E+10[HY]
L24. o O - clon +H* 13E+3
L25. HOo + Cly” — 2CI"+Op + HT 6.91E+11 exp(-1500T)
L26. Oy +Cly” - 2CI"+ 02 1.53E+11 exp(-1500T)
L27. HOo+Cl - CI"+0Op + H* 4.76E+11 exp(-1500T)
L28. Ho0p + Clp™ - 2CI"+ HOp + HY 1.14E+10 exp(-3370T)
L29. Hp0p +Cl - CI"+HOp + HT 45E+7
L30. OH +Cly” - 2CI" + OH 1.02E+10 exp(-2160QT)
Nitrite and Nitrate Chemistry
LsL  No+Noy IS = 2noy + 2H* 3.07E+10 exp(-1500T)
L32. NOg +Nop 19 - Noy + NOg™ + 2H* 1.53E+10 exp(-1500T)
L33, NO+OH - NOy +H* 3.07E+12 exp(-1500T)
L34, NO2 + OH - NO3™ +H™* 2.0E+11 exp(-1500T)
L35. HNO2 + hn — NO + OH 3.7E-5
L36. NOy™ +hn [ M9 NO+OH+OH 6.3E-6
L37. HNOo + OH - NO» + Ho0 1.53E+11 exp(-1500T)
L38. NO,™ + OH — NOp + OH" 1.53E+12 exp(-1500T)
L39. HNOg + Ho0p (I - NOg™+2H* + Hy0 3.66E+13exp(-6700T) [H1]
L40. NO,™ + O3 -~ NO3™ + 0o 6.72E+15 exp(-6950T)
L41 NOy™ +COg3™ - NOy + COg%" 4.0E45

Real 1L07E+12 exp(-15007T) as1.07 x 10-2 ¢ 1500T,
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Appendix A-2. continued.

No. Readion Rate onstant, M" s1

L42. NOy™ + Cly™ — NOp + 2CI° 3.84E+10 exp(-15007T)

L43. NO2™ + NO3 - NO2 + NO3~ 1.84E+11 exp(-1500T)

L44, Nog +hn O[T - Noy+oH+ oM 18E-7

L45., NOg +hn — NO + Op 0.0

L46. NOg+HOy — NOg™ +H* + 0y 6.90E+11 exp(-1500T)

L47. NO3+ 0y — NOg™ + Oy 1.53E+11 exp(-1500T)

L48. NOg+ Hp0p — NOg™ + HOp + H* 1.20E+10 exp(-28007T)

L49. NOg +Cl" ~ NOg™ +Cl 1.53E+10 exp(-1500T)

Methane Oxidation Chain

L50. CHo(OH)o + OH [I[F — HCOOH + HO, + Ho0 3.10E+11 exp(-1500T)

L51. CHy(OH)5 + O3 — Products 1.0E-1

L52. HcooH +oH [T - cop + HOy + He0 2.45E+10 exp(-15007T)

L53. HCOOH + H202 - Product + HoO 1.63E+2 exp(-5180T)

L54. HCOOH + Nog [T — NOg +H* + COy + HO» 9.68E+9 exp(-3200T)

L55. HCOOH + O3 — COp + HOp + OH 5.0

L56. HcooH+Cly” I - coy+HOp +2C1™ + HT 1.24E+10 exp(-4300T)

L57. Hcoo +oH O - coy+Hop + OH 3.84E+11 exp(-15007T)

L58. HCOO- + O3 — COp + OH + Oy 1.0E+2

Lso.  Hcoo +Nog LT - Nog +cop +HO, 9.21E+9 exp(-15007T)

L60.  HCoO +coz T - COp+HCOg +HOp + OH 9.92E+9 exp(-3400T)

L6L. Hcoo +cly” O = coy +HO, + 2017 1.17E+10 exp(-2600T)

L62. CH3C(0)OoNO» — NO3™ + Products 4.0E-4

L63. CH302 + HO2 — CH300H + Oy 1.01E+10 exp(-3000T)

L64. CHz05 + 0y O - cHg0O0H+ 0y + OH- 1.07E+10 exp(-1600T)

L65  CHgoOH+hn (T — HcHO+OH+HO, 5.40E-7

L66. CH300H + OH — CH305 + Hy0 8.11E+9 exp(-1700T)

L67. CH30H + OH - HCHO + HOp + Ho0 6.91E+8 exp(-1500T)

L68. CH30H + cOg~ [J[F - HCHO + HOy + HCOg™ 9.40E+9 exp(-4500T)

L69. CH30H + Cly” 0 ET — HCHO + HOp + H* + 2CI 9.04E+9 exp(-4400T)

L70. CH300H + OH - HCHO + OH + Ho0 7.98E+9 exp(-1800T)

L7L CH30H +Nog O - NOg™ + H* + HCHO + HO, 1.20E+10 exp(-2800T)

Sulfur Chemistry

L72. HySOg + 03 — S(VI) 2.4E+4

L73. HSOg™ + 03 - S(VI) 4.24E+13 exp(-5530T)

L74. SO32 +03 — S(VI) 7.43E+16exp(-52807T)

L75. HSOg +Hp0y LI = sv1) + Hy0 2.9E+10[H+] exp(-1950T)
(1 + 16[H+])

L76 HSO3 + Ho0p 10 s(vI) + H0 3.53E+7 [HCOOH]| exp(-1720'T)
1.91E+8 [CH3COOH]; exp(-26207T)

2 + 3+

L77. sov) OBMOTF I - sviy pH 0-5, 2.6E+3 [Fe3*] + 7.5E+
2 [Mn2*] +1.0E+10 [Fe3*][MnZ*]
pH >5, 7.5E+2 [Mn2+] + 2E10[Fe3*][Mn2*]

L78.  sog? +oH O~ sos +oH 7.06E+11 exp(-1500T)

L79. HSOg +0oH I — sog +He0 6.44E+11 exp(-1500T)

L80.  SO5 +HSOg [ — Hso5 +s05 9.88E+9 exp(-3100T)

53



Appendix A-2. Continued.

No. Readion Rate onstant, M" s1
L81L. S05™ + 5032 [F - Hso5 + s05° 1.07E+10 exp(-2000T)
L82. sos +0y” O - Hsos +0H + 0, 1.53E+10 exp(-1500T)
L83. 505"+ HeooH O0F - Hsog™ + coy + HOp 1.06E+10 exp(-5300T)
L84, sos-+Hcoo OFF — Hsog +coy + 0y 9.45E+9 exp(-4000T)
L85, SOg5™ +SO5™ — 2S04+ Op 3.07E+10 exp(-1500T)
L86. HSO5™ + HSOg™ [ 1 - 250,42 + 3H* 6.27E+14 exp(-4750T)
L87. HSOs5™ + OH — SO5™ + Hp0 9.99E+9 exp(-1900T)
L8s. HSOs5™ + S04~ — SO5™ + SOz + H* 5.0E+4

L89. HSOs5™ + NOy™ — HSO4™ + NO3” 1.52E+9 exp(-6650T)
L90. HSO5™ + Cl” - S042" + Product 3.38E+7 exp(-7050T)
L9L S04 +Hsog” I 5042 + H* + 505" 2.00E+11 exp(-1500T)
L92. sos +s0z2> O - s04% + 05" 8.13E+10 exp(-15007T)
L93. S04 +HOp — S042 +HY + 0y 7.67E+11 exp(-1500T)
L94. S04 + 0y - S042 + 0o 7.67E+11 exp(-1500T)
L95. S04 + OH™ — SO42" + OH 1.23E+10 exp(-1500T)
L96. SO4” +HOp — S042 + H + HOp 9.86E+9 exp(-2000T)
L97. S04 +NOy™ - SOz + NOy 1.35E+11 exp(-1500T)
L98. SO4” +HCO3™ - SO42" + H* + CO3” 1.04E+10 exp(-2100T)
Leo.  so4 +Hcoo OFF = so42 +cop+HOp 2.61E+10 exp(-15007T)
L100. SO +Cl™ - SO42 +Cl 3.07E+10 exp(-1500T)
L101  so4 +HcooH OFF & s0s2 +H* +cop + HO, 1.21E+10 exp(-2700T)
L102 S(IV) + CH3C(O)O2NO2 — S(VI) 6.7E-3  seenote[d]
L103 HSO3™ + CH300H 0 H - 5042‘ +2H" + Produwcts 6.56E+12 exp(-3800T)
L104  HSOg + CH3C(O)OOH — SO42" + H* + Products 3.37E+13 exp(-4000T) seencte [4]
L105  S(IV)+HOy - S(VI) + OH 1.0E+6

L1os  sav)+o, O = sviy+oH+oH 1.0E+5

L107. SO4™ + CH30H O ﬁ — 8042' +HCHO + H + HOy 1.05E+10 exp(-1800T)
L108  2HSOg +NOg [I[f - NOg +2H* + 5042 + SO 1.0E+8

L109  2NOp+Hsog” MM - s042 +3H* + 2N0y 2.0E+6

L110a  S(IV)+ N(lll) — S(VI) + pH < 3 142842 [H10S
L110h 2HSO3 +NO2™ —» OH +HDS pH>3  476E+3 [H+] exp(-6100T)
L111  HCHO+HSO3™ - HOCH,SO3" 4.01E+9 exp(-4900T)
L112  HcHo+sog2 O = HocH,sog + o 1.05E+10 exp(-1800T)
L113  HOCH»SOgz + OH- - SO32" + HCHO + Ho0 1.30E+10 exp(-45007T)
L114  HOCH,S0g +OH T - s05 + HCHO + Hp0 2.15E+11 exp(-1500T)
L115  HSOg +Cly” O » sos +2c +H* 5.22E+10 exp(-1500T)
L116  sogZ +cly Ol - sog +2cr 2.45E+10 exp(-15007T)
L117  DMS+ OH - 0.5DMSO + 0.5DMS + 0.5H50 1.9E+10

L118  DMS+ HoOp — DMSO + HoO 3.5E-2

L119  DMS+0Og — DMSO+ Oy 6.72E+15 exp(-4832T)
L120  DMSO + Oz — DMS02 + Oy 5.7

a For non-elementary rate expresson, [S(1V)] = [SOo]w; [S(VI)] = [HoSO4]w;

[N(ID] =[HNOz]w.

54



Appendix A-3. Dislution equili briain MaTChM, taken from Zaveri (1997 and references therein.

No. Disslution Equili bria Henry's Law Constant, H [M()]/[M(g)]
EL HNOs(g) < HNO3(l) 5.1E+6 exp(870C-T)
E2. HNOy(g) < HNO(I) 1.2E+3 exp(478CFT)
E3. SOp(g) < H2SO3 3.0E+1 exp(312CFT)
E4. HoSO4(g) < HoS04(l) 1.0E+3

ES. HCOOH(g) < HCOOH() 9.04E+4 exp(57007T)
E6. CH3COOH(g) <> CH3COOH(l) 10E+3  (asumed)
E7. COx(g) < HoCO3 8.31E-1 exp(242CFT)
E8. MSA(g) < MSA() 1.0E+3  (asumed)
EQ. NH3(g) < NH4OH 1.38E+3 exp(4181FT)
E10. HOo(g) < HOx() 4.89E+4 exp(6640FT)
E1l Ho0o(g) < H0x() 2.44E+1 exp(7514T - 1363)
E12 HCHO(g) < HCHO(l) 1.54E+5 exp(646CFT)
E13. NOo(g) < NO(I) 2.44E-1 exp(2500FT)
El4. NO(@) < NO(I) 4.64E-2 exp(148CFT)
E15. NOsg(g) < NOs(l) 3.67E+2

E16. PAN(g) < PAN() 7.1E+1 exp(591C-T)
E17. O3(0) < 0O3() 2.76E-1 exp(230CFT)
E18. OH(g) < OH(l) 6.10E+2 exp(528CFT)
E19. CH302(g) <> CH309(l) 1.46E+2 exp(5600-T)
E20. CH30H(g) < CH30H(l) 5.38E+3 exp(490Q-T)
E21 DMS(g) < DM() 1.17E-4 exp(34807T)
E22. DMSO(g) < DMSO() 2.44E+7

E23. DMS02(g) < DMSO02(l) 10E+4  (asumed)
E24. CH300H(g) < CH300H() 5.55E+3 exp(5610-T)
E25. CH3C(O)OOH(g) < CH3C(0)OOH(l) 1.15E+4 exp(617CFT)
E26. N2Os5(g) - 2HNO3(w) 10E+4  (asuumed)
E27. NTR(g) < NTR() 1.0 (asumed)
E28. HCl(g) < HCI(l) 1.77E+4 exp(202CFT)
E29. Cl(g) < cl() 1.77E+4 exp(202CFT)
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Appendix A-4. Disociation equili brain MaTChM, taken from Zaveri (1997 and references therein.

No. Dissociation Equili brium Dissociation Constant, M or M atm™L
D1. HoO < HY+OoH 1.00E-14 exp(-6716°T)
D2. HOo(l) < HY+0y 3.50E-5
D3. HoOp(l) < HOy +HY 2.2E-12 exp(-373CFT)
D4. HoCO3 < HCO3z +H?' 4.46E-7 exp(-100CFT)
D5. HCOg3™ < COg2 +H* 4.48E-11 exp(-176CFT)
D6. HNO3(l) < NOg +H* 154
D7. HNOy(I) < NO2 +H* 5.1E-4 exp(-126(FT)
D8. NH4OH < NHg" +OH 1.75E-5 exp(-450FT)
DO. HCHO(l) < CHy(OH)x(1) 1.82E+3 exp(4020FT)
D10. HpoSO3 < HSO3 +H' 1.23E-2 exp(196CFT)
D1l HSO3™ < SOz2 +H* 6.61E-8 exp(1500-T)
D12 HoSO4() < HSO4 +HY 1.00E+3
D13. HSO4 < S04 +HT 1.02E-2 exp(2720FT)
D14. HCl() © HY+cCI 1.74E+6 exp(690CFT)
D15. Cly” & cCl+CI 5.26E-6
D16. HCOOH(l) < HCOO +H™ 1.78E-4 exp(-20FT)
D17 CH3COOH() < CH3COO +H* 1.0E-4
D18 CH3SO3H ¢ CH3SO3 +H* 6.31E-2
Note: FT = (UT - 1/298), T in Kelvin, Read 5.1E+6 exp(870CFT) as 5.1 x 1P e(870Q1//T-1/298))
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